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ABSTRACT 
Electromagnetic metamaterials have emerged as a powerful tool to tailor the 
electromagnetic material properties and control wave propagation using artificial sub-
wavelength structures. During the past fifteen years, metamaterials have been intensively 
studied over the electromagnetic spectrum (from microwave to visible), giving rise to 
extraordinary phenomena including negative refractive index, invisibility cloaking, sub-
diffraction-limit focusing, perfect absorption, and numerous novel electromagnetic 
devices and optical components. The terahertz regime, between 0.3 THz and 10 THz, is 
of particular interest due to its appealing applications in imaging, chemical and biological 
sensing and security screening. Metamaterials foster the development of terahertz sources 
and detectors and expand the potential applications of the terahertz technology through 
the realization of dynamic and tunable devices. The objective of this thesis is to present 
different mechanisms to implement active terahertz metamaterial devices by 
incorporating advanced microelectromechanical system technology.  
 First, an optical mechanism is employed to create tunable metamaterials and 
perfect absorbers on flexible substrates. A semiconductor transfer technique is developed 
to transfer split ring resonators on GaAs patches to ultrathin polyimide substrate. 
Utilizing photo-excited free carriers in the semiconductor patches, a dynamic modulation 
  viii
of the metamaterial is demonstrated. Additionally, this thesis investigates how 
sufficiently large terahertz electric fields drive free carriers resulting in nonlinear 
metamaterial perfect absorbers. Second, a mechanically tunable metamaterial based on 
dual-layer broadside coupled split ring resonators is studied with the help of comb drive 
actuators. One of the layers is fixed while the other is laterally moved by an electrostatic 
voltage to control the interlayer coupling factors. As demonstrated, the amplitude and 
phase of the transmission response can be dynamically modulated. Third, a 
microcantilever array is used to create a reconfigurable metamaterial, which is fabricated 
using surface micromachining techniques. The separation distance between suspended 
beams and underlying capacitive pads can be altered with an electrostatic force, thereby 
tuning the transmission spectrum. The tuning mechanisms demonstrated in this thesis can 
be employed to construct devices to facilitate the development and commercialization of 
new compact and mechanically robust metamaterial-based terahertz technologies. 
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CHAPTER 1 INTRODUCTION 
1.1 Introduction to Metamaterials 
Electromagnetic metamaterials (MMs) were initially developed to create materials with 
simultaneously negative permittivity (ε) and permeability (μ), known as left-handed 
material (LHM) or negative refractive index material (NIM) (Pendry, et al., 1999; Smith, 
et al., 2000). The pioneering theoretical work of Prof. Viktor G. Veselago proved that a 
LHM might possess many features such as negative refraction, backward wave 
propagation, reversed Doppler shift, and backward Cerenkov radiation (Veselago, 1968). 
However, simultaneously negative permittivity and permeability can be hardly found in 
nature materials. Most natural dielectrics exhibits positive permittivity (ε > 0) and unit 
permeability (μ = 1) (sitting in quadrant I in Figure 1.1), allowing propagation wave in 
the medium from microwave through visible. For plasmas, metals and heavily doped 
semiconductors, the permittivity is negative when the frequency is lower than the plasma 
frequency while the permeability is positive (Johnson, et al., 1972; Van Exter, et al., 
1990), sitting in quadrant II in Figure 1.1. They support evanescent waves at the surface 
of the material and eliminate the transmission if the thickness is larger than the skin depth. 
Similarly, the negative permeability and positive permittivity (quadrant IV in Figure 1.1) 
can be achieved near the ferromagnetic resonance at microwave frequencies in some 
ferrite materials (Kasagi, et al., 2006). The LHMs, which are with both negative 
permittivity and permeability sitting in quadrant IV in Figure 1.1, is not easily realized in 
naturally occurring materials.  
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 A metamaterial is defined as a macroscopic composite of periodic or non-periodic 
subwavelength unit cells, whose function is due to both the cellular architecture and the 
chemical composition (Cui, et al., 2010). It enables design of the electric permittivity and 
magnetic permeability. Sir John Pendry proposed that a negative permeability can be 
achieved with conducting resonator structures (Pendry et al., 1999). Inspired by this 
groundbreaking work, a negative refractive index metamaterial, consisting of square split 
ring resonators and wire strip electric dipoles, was demonstrated and verified 
experimentally in Prof. Schultz’s group at UC San Diego (Shelby et al., 2001). The 
pioneering work on negative index metamaterials gave rise to the implementation of 
superlens that can overcome the diffraction limitation (Wiltshire, et al., 2003; Lu, et al., 
2005). At the first glance, superlensing seems to go against the basic principles of wave 
optics. However, this exotic electromagnetic response can be explained using negative 
 
Figure 1.1 Permittivity and permeability diagram. 
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Figure 1.2 Some examples of metamaterials spanning over the electromagnetic spectrum. (a) 
Negative index metamaterial at microwave frequency (Shelby, et al., 2001); (b) THz 
metamaterial with magnetic response (Yen, et al., 2004); (c) Metamaterial with negative 
permeability ~ 100 THz (Linden, et al., 2004); (d) sub-diffraction-limited optical imaging with 
silver metamaterial superlens (Fang, et al., 2005). 
permittivity and permeability in the Maxwell’s equations with no violation of any 
physical laws (Pendry, 2000). Due to the scale invariant nature of Maxwell’s equations, 
the principle of NIM is valid over the entire electromagnetic spectrum  and implemented 
at terahertz (Yen et al., 2004), infrared (Linden et al., 2004), and visible wavelengths 
(Fang et al., 2005; Yuan, et al., 2007).  
Even though the concept of metamaterials originates from the construction of 
NIM, it has a much broader scope. One remarkable development is transformation optics, 
which utilizes gradient index metamaterials to guide the wave propagation in a prescribed 
manner (Chen, et al., 2010). Spatially varying permittivity and permeability with cylinder 
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symmetricity was designed to bend electromagnetic waves to demonstrate invisibility 
cloaking at microwave frequencies (Schurig, et al., 2006a). Afterwards, carpet-like cloak 
metamaterials were demonstrated for gigahertz radiation (Liu, et al., 2009) and near 
infrared light (Valentine, et al., 2009). Another attractive application of metamaterials is 
to build optically thin perfect absorbers that is capable of absorbing all of the incident 
electromagnetic wave at a designed frequency (Landy, et al., 2008; Tao, et al., 2008; Liu, 
et al., 2010a; Liu, et al., 2010b). In most metamaterial perfect absorbers (MPAs), 
metamaterials with well-designed electromagnetic response are fabricated on a dielectric 
layer, with the backside coated by a metallic ground plane, that servers as an impedance 
matching layer to null the transmission and reflection from the multilayer structure, 
trapping and absorbing the incident power (Chen, 2012; Watts, et al., 2012).  
 Moreover, numerous studies of metamaterials reveals other important effects, 
such as near field enhancement (Pendry et al., 1999; Seo, et al., 2009), near-zero-index 
(Silveirinha, et al., 2006; Moitra, et al., 2013), metamaterial induced transparency and 
slow light (Papasimakis, et al., 2009) to name some examples. 
 Due to their exotic electromagnetic responses, metamaterials can find a broad 
range of applications, from wireless communication (Urzhumov, et al., 2011; Lipworth, 
et al., 2014) and radar systems (Kudyshev, et al., 2013) to optical imaging 
(Khorasaninejad, et al., 2016) and bio-sensing (Kabashin, et al., 2009). However, the 
limited bandwidth and highly dispersive response is intrinsic and, in some cases, is a 
limitation. One practical way to overcome this limitation is to dynamically tune the 
metamaterial response with external stimulus.  
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The ability to tune and reconfigure the optical properties of materials, something 
rarely offered by nature, can be achieved by metamaterials via altering the properties of 
the composite materials (Chen, et al., 2006), the shape of the metamaterial unit cells 
(Pryce, et al., 2010), or the near field interaction between unit cells (Powell, et al., 2010). 
For instance, the metamaterial response can be modulated effectively via photo-exciting 
the silicon patches in the metamaterial unit cells (Chen, et al., 2008) or tuning the near 
field interaction by the structural displacement (Lapine, et al., 2009), as shown in Figure 
1.3 (a) – (d). Beyond tuning the resonant response, wave propagation can be modulated 
by controlling the properties of local unit cells in the metamaterial array (Shadrivov, et 
al., 2012), as demonstrated in Figure 1.3 (e) – (f). In addition, metamaterials provide a 
route to implement nonlinear optical components due to strong local field enhancement 
induced nonlinearities (Zheludev, et al., 2012). Therefore, metamaterials can be used to 
build novel functional photonic devices. 
1.2 Terahertz Metamaterials 
Terahertz radiation refers to electromagnetic waves within the band of frequencies 
spanning from 0.1 THz to 10 THz (or wavelength λ between 30 μm and 3000 μm), 
occupying the spectrum between microwave radiation and mid-infrared light. This region 
of spectrum remained unstudied for quite a long time due to the lack of optical devices, 
including natural emitters and detectors, lenses and gratings. It was termed the “THz gap” 
(Sirtori, 2002). Along with the technology advances, this gap has been gradually bridged 
with the development of THz sources (both pulsed and continuous wave), detectors 
(Tonouchi, 2007) and optics (Peiponen, et al., 2012).  
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 Metamaterials have played an important role in closing the THz gap through 
providing functional THz optical components, such as wave plates (Strikwerda, et al., 
2009; Cong, et al., 2014), polarization converters (Grady, et al., 2013), detectors (Tao et 
al., 2008), amplitude and phase modulators (Chen, et al., 2009; Lee, et al., 2012), and 
spatial light modulators (Savo, et al., 2014), among others. The development of 
metamaterial based optics facilitates practical applications of THz technology in imaging 
(Watts, et al., 2014), bio-sensing (Park, et al., 2014) , and chemical detection (Tao, et al., 
2010; Tao, et al., 2011a; Drexler, et al., 2014). For instance, Willie Padilla’s group 
demonstrated a solid-state spatial light modulator (SLM) based on real-time tunable 
metamaterials to capture a THz image with a single detector (Watts et al., 2014). The 
THz radiation is modulated by a series of masks generated by the SLM and projected to 
detector. The signals for all of the masks are used to reconstruct the original image 
according to a computational algorithm (Hunt, et al., 2013). In short, tunable THz 
metamaterials have shown great potential to manipulate the THz radiations for 
implementation of different functions (Keiser, et al., 2013).  
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Figure 1.3 Examples of tunable metamaterials. (a) A unit cell of a tunable terahertz metamaterial 
whose response can be modulated by photo-excitation of Si patches and (b) its tunable response 
under different pump powers (Chen et al., 2008). (c) A structurally tunable metamaterial achieved 
by altering the near field interaction between unit cells and (d) its tunable response (Lapine et al., 
2009). (e) An illustration of a metamaterial that can steer the incident wave at different angles 
controlled by the excitation light source and (f) the corresponding implementation (Shadrivov et 
al., 2012). 
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Microelectromechanical systems (MEMS), or microsystems, is a technology that 
can deliver miniaturized electrical or mechanical elements using micromachining 
techniques.  Structures with sub-micron features can be designed and fabricated, perfectly 
matching the requirement of THz metamaterials. The electrical or mechanical 
components in MEMS enable the real-time tunable metamaterials. The marriage between 
mature MEMS technology and metamaterials design enables tuning using a variety of 
approaches, including optical (Zhang, et al., 2012; Fan, et al., 2013b; Seren, et al., 2014), 
electrical (Chen et al., 2006; Lee et al., 2012; Yan, et al., 2012) , and mechanical (Tao, et 
al., 2009; Zhu, et al., 2011b; Kan, et al., 2013; Ma, et al., 2014) schemes. Figure 1.4 
shows some selected the examples. Therefore, my research is aimed to develop novel 
tunable THz metamaterials using advanced MEMS technology.  
1.3 Scope of Thesis 
In this thesis, three novel platforms to construct tunable THz metamaterials are 
investigated to develop functional THz optical devices using MEMS technology. I start 
with an introduction of the fundamentals of metamaterials in Chapter 2. The basic light-
matter interaction, i.e. Lorentzian oscillation model, is presented. Then, the effective 
medium theory is discussed as an analogy to consider metamaterials as homogeneous 
materials with effective permittivity and permeability. A conventional extraction method 
that can retrieve such parameters from the scattering characteristics of metamaterials is 
presented. Using this method, effective parameters of some basic types of metamaterials 
are studied as a guideline for the metamaterial designs in the following chapters. 
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Figure 1.4 Different tuning mechanisms of THz metamaterials. (a) Optical tuning: a 3D 
metamaterial that can switch the handedness of THz radiation by photo excitation (Zhang et al., 
2012). Scale bar, 10 μm. (b) Electrical tuning: a THz modulator composed of metamaterials 
fabricated on semiconductor substrate, forming a Schottky gate configuration (Chen et al., 2006). 
Unit cell, 50 μm. (c) Mechanical tuning: A metamaterial consisting of elements that can bend up 
due to the thermally induced mechanical deformation (Tao, et al., 2011b). Unit cell, 72 μm. (d) 
Mechanical tuning: a tunable metamaterial whose response can be controlled by a comb-drive 
actuator (Zhu, et al., 2011a). Scale bar, 50 μm. 
Chapter 3 details a scheme to fabricate tunable metamaterials on ultra-flexible 
substrate. A fabrication process that can transfer microfabricated semiconductor 
structures to a polymer thin film is developed. This semiconductor transfer process is 
used to fabricate optically tunable metamaterials composed of metallic electric split ring 
resonators and GaAs patches on polyimide thin films. Afterwards, an ultrathin 
metamaterial perfect absorber that can switch among dual band, broadband and single 
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band modes with photo-excitation is demonstrated. In addition, the nonlinear behavior of 
the metamaterial perfect absorber is studied with the help of high field terahertz time 
domain spectroscopy.  
In Chapter 4, a real-time tunable metamaterial based on dual-layer broadside 
coupled split ring resonators is implemented. One layer of resonators is fixed, while the 
other can be laterally shifted by comb-drive actuators. The detailed design and fabrication 
process is presented. The results show that the lateral displacement alters the coupling 
between the two layers, leading to modulation of the resonance modes. Chapter 5 
presents a MEMS cantilever actuator enabled tunable metamaterial. An array of 
cantilevers is designed and fabricated. By driving the cantilevers up and down with 
external voltage, the LC resonance can be modulated, resulting in a tunable 
electromagnetic response. The MEMS actuators enabled tunable metamaterials can be 
considered as platforms to be integrated with other unit cell designs for different 
functions. Finally, a brief outlook for future research regarding active THz metamaterials 
is discussed in Chapter 6.  
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CHAPTER 2 FUNDAMENTALS OF METAMATERIALS 
2.1 Polarizability of Materials 
Metamaterials are artificial materials with subwavelength structural elements, 
which are known as meta-atoms or inclusions, designed to achieve extraordinary 
electromagnetic properties. With proper arrangement of the meta-atoms, we can make the 
entire material macroscopically uniform and homogeneous. We can describe the response 
of the metamaterials with an effective permittivity and permeability, which are the two 
major optical properties of natural materials. The interaction between light and materials 
can be analyzed using the following two constitutive equations (Solymar, et al., 2009): 
 ۲ = ࢿ૙۳ + ۾ = ࢿ૙(૚ + ࣑ࢋ)۳ = ࢿ૙ࢿ࢘۳ (2.1)
 ۰ = ࣆ૙۶ + ۻ = ࣆ૙(૚ + ࣑࢓)۶ = ࣆ૙ࣆ࢘۶ (2.2)
Equation (2.1) specifies the relationship between the electric displacement (D) 
and the incident electric field (E), in which ε0 = 8.85 × 10-12 F/m is the vacuum 
permittivity, χe is the electric susceptibility, and εr is the relative permittivity of the 
material. Equation (2.2) is the relationship between magnetic flux density (B) and 
incident magnetic field strength (H), where μ0 = 4π × 10-7 H/m is the vacuum 
permeability, χm is the magnetic susceptibility, and μr is the relative permeability of the 
material. The susceptibilities (χe and χm) that reflect the response of a material to external 
fields originate in the induced electric polarization (P) and magnetic polarization (M).  
The diverse reflection and transmission responses of materials originate from their 
fundamental optical properties. Classically, the optical properties (ε and μ) can be 
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described by Lorentzian functions. Both the electric and magnetic response can be 
expressed by the Lorentz model. We would like to start with the electric response under 
electric field E. In the Lorentz model, an electron in an atom is considered as a second-
order harmonic oscillator subject to a driving force from an external field. Like a spring-
mass system, a restoring force applies to an electron when it is displaced from its 
equilibrium position due to the external electric field, leading to the oscillation of the 
electron. The motion of the electron can be simplified as the following equation: 
 ࢞ሷ (࢚) + ࢽ࢞ሶ (࢚) + ࣓૙૛࢞(࢚) = −ࢋ۳(࢚)/࢓∗ (2.3)
where e is the electron charge, γ is the damping rate, ω0 is the natural resonant frequency 
of the electron, and m* is the effective mass of the electron. For a harmonic incident field 
[E(t) = E0exp(iωt)], the induced dipole moment can be written as  
 ܘ = −ࢋ࢞(࢚) = ࢋ
૛
࢓∗
૚
࣓૙૛ − ࣓૛ − ࢏ࢽ࣓
۳(࢚) (2.4)
If the electron density in the material is N (number of electrons per unit volume), the 
induced polarization density should be  
 ۾ = ࡺࢋ
૛
࢓∗
૚
࣓૙૛ − ࣓૛ − ࢏ࢽ࣓
۳(࢚) = ࢿ૙࣑ࢋ۳(࢚) (2.5)
Hence, the complex relative permittivity (εr) is  
 ߝ௥(߱) = 1 +
ܰ݁ଶ
ߝ଴݉∗
1
߱଴ଶ − ߱ଶ − ݅ߛ߱ 
(2.6)
If we take the non-resonant contributions from the lattice vibrations (Fox, 2010) and the 
additional contribution of interband transitions of bound electrons (Prasankumar, et al., 
2016), the dispersion can be modified as  
  
13
 ߝ௥(߱) = ߝஶ +
ܰ݁ଶ
ߝ଴݉∗
1
߱଴ଶ − ߱ଶ − ݅ߛ߱ = ߝஶ +
߱௣ଶ
߱଴ଶ − ߱ଶ − ݅ߛ߱ 
(2.7)
where ε∞ is the permittivity for infinite frequency, and ωp = ඥܰ݁ଶ/(ߝ଴݉∗) is the plasma 
frequency. Figure 2.1 is a typical Lorentzian model with ω0 = 2π×3×1012 rad/s, ωp = 
2π×4.5×1012 rad/s and γ = 2π×0.2×1012 rad/s.  
 
Figure 2.1 A typical Lorentzian dispersive permittivity. 
In some noble metals or semiconductors, electrons are not bound to the lattice 
atoms forming ‘free’ electron gas. Hence, these electrons are not subject to the restoring 
force and the resonant frequency is zero in the Lorentz model. Eq. (2.8) can be modified 
to the Drude equation:   
 ߝ௥(߱) = ߝஶ −
߱௣ଶ
߱ଶ + ݅߱/߬ (2.8)
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in which τ is the mean collision rate, τ = 1/γ. Based on the Drude model, a typical 
conductor, such as gold, has large negative real permittivity at low frequencies which 
gradually becomes positive as the external electric field frequency exceeds the plasma 
frequency (ωp), which is 2161 THz for gold. For semiconductors, the plasma frequency 
depends on the carrier density and effective mass. At the same time, the collision rate is 
related to the mobility. Thus, it is possible to exert greater control of the permittivity of 
semiconductors as they have additional degrees of freedom that can be controlled. In 
practice, some materials are usually described in terms of a conductivity as  
 ߝ௥(߱) = ߝஶ + ݅
ߪ(߱)
ߝ଴߱  (2.9)
where σ(ω) = σDC/(1-iωτ) is the Drude conductivity and σDC = ε0 ߱௣ଶ τ is the DC 
conductivity. 
At the microscale, an electromagnetic wave impinging on a material creates 
electric dipoles in each atom proportional to its electric susceptibility (χe). As the electric 
field oscillates, the electric dipoles oscillate at the same frequency but with a phase delay, 
as described by the Lorentz or Drude model. The oscillating dipoles radiate EM waves. 
The wave traveling in the medium is the macroscopic superposition of all such 
contributions in the material: the incident wave plus the waves radiated by the electric 
dipoles (Chartier, 2005). Similarly, the magnetic field creates a magnetic polarization as 
determined from the magnetic susceptibility (χm). The electric and magnetic 
susceptibilities together determine the polarizabilities and EM wave propagation in a 
material.  
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2.2 Effective Medium Theory 
When an EM wave propagates through a natural material, the local field distribution in a 
material might not be uniform in the lattice. However, since the wavelength (1 cm for 
microwave, 100 nm for ultra-violate) is much larger than lattice constant of the material 
(~ 10 Å), it only ‘feels’ a homogenized continuous medium with electric and magnetic 
polarizations averaged over the lattice. The wave propagation can be described by the 
macroscopic Maxwell’s equations using electric field E, magnetic field H, electric 
displacement D and magnetic flux density B. By solving Maxwell’s equations, we can 
get another two macroscopic parameters – refractive index ݊ = √ߝߤ and impedance ܼ =
ඥߤ ߝ⁄ , which are often used to describe the reflection and refraction at the interface. 
As mentioned previously, metamaterials are engineered materials with 
subwavelength inclusions to interact electromagnetic waves in a designed fashion and 
achieve unprecedented properties. The inclusions patterned in the metamaterial can be 
considered as “artificial atoms” to mimic the response of the atoms in the natural 
material. They will respond to the incident EM wave and generate electric and magnetic 
polarizations, which re-radiate EM waves to superimpose the incoming EM wave. 
Because the size of artificial atoms and lattice constant are substantially smaller that the 
wavelength of interest, the local field distribution is neglected and the incident wave only 
‘feels’ the averaged response from the inclusions, just like the natural material. The 
macroscopic response of the unit-cell can be depicted by the effective permittivity and 
permeability. According to (Liu, et al., 2007), the ratio of the wavelength to lattice 
constant should be larger than 2 to ensure that phase change in one unit-cell is smaller 
  
16
than π and the effective medium theory is valid. When the ratio is reduced to 1 or less, the 
diffraction and interference effect will dominate the response of the periodic unit-cells 
leading to a photonic bandgap behavior, which is usually named photonic crystal 
(Joannopoulos, et al., 2011). Even though the metamaterials are quite similar to photonic 
crystals, being subwavelength, they are described by the effective medium theory, 
distinguishing it from photonic crystals.  
To date, there has not been an accurate theoretical approach to estimate the 
effective constitutive parameters from meta-atom arrays since the diverse unit-cell 
structures and complex inter-unit-cell coupling make it difficult to model the electric and 
magnetic susceptibilities. The detailed design of metamaterials relies on numerical 
approaches where one first solves Maxwell’s equations for a structure to get its scattering 
characteristics and then performs a numerical retrieval to obtain the effective parameters. 
According to the effective medium theory, if an inhomogeneous structure with thickness 
d can be conceptually replaced by an effective homogeneous medium with the same 
thickness, the scattering characteristics should be identical assuming that the size of 
inhomogeneity is smaller than the wavelength of the incident wave (Solymar et al., 2009). 
In 2002, David Smith proposed an approach to determine the refractive index (n) and 
impedance (Z) from the reflection and transmission coefficients (Smith, et al., 2002). 
Then, the effective constitutive parameters can be calculated from n and Z.  
We consider a monochromatic, linearly polarized field that impinges under 
normal incidence from an isotropic material of relative impedance Z1 (e.g., air or vacuum) 
onto a metamaterial slab with thickness dm and transmitted into another isotropic material 
  
17
of relative impedance Z2 (e.g. a glass substrate or air). For both propagation directions 
( ± ), the incident fields, propagating fields in the metamaterial slab, reflected and 
transmitted fields from the slab are denoted by Ei and Hi, E± and H±, Er and Hr, and Et 
and Ht, respectively. For the forward incidence, the reflection and transmission 
coefficients are r+ = Er/Ei and t+ = Et/Ei, respectively. The reflection r- and transmission t- 
coefficients for backward incidence can be calculated in a similar way. In practice, the 
reflection and transmission coefficients can be numerically calculated or experimentally 
measured. The effective parameters can be retrieved from the coefficients (Kriegler, et al., 
2010).  
 
Figure 2.2 Illustration of the field components for the generalized version of Fresnel’s equations 
for retrieving effective parameters. The metamaterial slab is clad between two isotropic mediums 
(e.g. air or dielectric materials) (Figure from (Kriegler et al., 2010)).  
As shown in Figure 2.2, the total scattering parameters (S-parameters) can be 
measured or simulated from medium 1/MM/medium 2 slabs, which is 
 ܵ௧௢௧௔௟ = ൬ ଵܵଵ ଵܵଶܵଶଵ ܵଶଶ൰ = ቀ
ݎା ݐି
ݐା ିݎ ቁ (2.10)
The total transfer matrix (Mtotal) can be calculated as (Pozar, 2009) 
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 ܯ௧௢௧௔௟ =
1
ݐି ቀ
ݐାݐି − ݎାିݎ ିݎ
−ݎା 1 ቁ (2.11)
The total transfer matrix (Mtotal) is a cascade of the transfer matrices of individual layers:  
 ܯ௧௢௧௔௟ = ܯ௠௘ௗ௜௨௠ଵܯெெܯெ௘ௗ௜௨௠ଶ (2.12)
Since the refractive index ni and impedance Zi (i = 1 or 2 for medium 1 or 2, respectively) 
of each homogeneous medium are known as, their transfer matrices are given by: 
 ܯ௠௘ௗ௜௨௠ଵ = ൬(1 + ܼଵ)/2 (1 − ܼଵ)/2(1 − ܼଵ)/2 (1 + ܼଵ)/2൰ ൬
݁௜௡భ௞ௗభ 0
0 ݁ି௜௡భ௞ௗభ൰ (2.13)
ܯ௠௘ௗ௜௨௠ଶ = ൬݁
௜௡మ௞ௗమ 0
0 ݁ି௜௡మ௞ௗమ൰ ൬
(1 + ܼଶ)/2ܼଶ (1 − ܼଶ)/2ܼଶ
(1 − ܼଶ)/2ܼଶ (1 + ܼଶ)/2ܼଶ൰ (2.14)
We can de-embed the transfer matrix of the metamaterial according to  
 ܯெெ = ܯ௠௘ௗ௜௨௠ଵିଵ ܯ௧௢௧௔௟ܯ௠௘ௗ௜௨௠ଶିଵ  (2.15)
Then, the S-parameters of the metamaterial slab can be calculated using conversion from 
the transfer matrix. The impedance and refractive index of the metamaterials can be 
retrieved from S-parameters of the metamaterial based on an appropriate algorithm 
(Kriegler et al., 2010). Eventually, the effective permittivity (ε), permeability (μ) and 
bianistropy parameter (ξ) can be estimated directly from the impedance and refractive 
index.  
2.3. Synthesis of THz Metamaterials 
As we discussed above, metamaterials can be considered as homogeneous mediums with 
effective parameters. The beauty of metamaterials is that we can achieve extraordinary 
electromagnetic properties by designing the geometry and arrangement of subwavelength 
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unit-cells. Herein, we would like to discuss how to synthesis THz metamaterial and some 
basic elements that will be utilized in the following work. Normally, the unit-cells of THz 
metamaterials are metallic structures embedded in dielectric materials because it is easy 
to control the charge and current distribution using metallic elements. There have been a 
variety of types of unit-cells developed to achieve different designated characteristics. 
Cut-wires (Powell, et al., 2008; Grady et al., 2013), the split ring resonator (SRR) and its 
derivations (Yen et al., 2004; Fan, et al., 2011) , the electric split ring resonator (ESRR) 
(Chen, et al., 2007; Strikwerda et al., 2009), chiral structures (Gansel, et al., 2009; Zhang 
et al., 2012; Kan et al., 2013) and many others have been utilized to construct 
metamaterials (Mackay, et al., 2010). We would like to discuss the response of SRR and 
ESRR in detail in this section.  
2.3.1 Split Ring Resonators 
Split ring resonators (SRRs) have been investigated as magnetic resonators for electron 
spin resonance spectroscopy (Hardy, et al., 1981; Froncisz, et al., 1982). Compared to the 
solenoidal coil counterpart, SRRs are compact. In 1999, Pendry et al. utilized SRRs to 
achieve an effective magnetic permeability with non-magnetic conductors (Pendry et al., 
1999), which is regarded as the first theoretical demonstrate of a metamaterial.  
Figure 2.3 is an illustration of a split ring resonator, which is a ring structure with 
a slit. A series of eigenmodes exists in the resonator, among which the fundamental mode 
is the LC resonance. In the LC mode, the SRR can be considered as serially connected 
RLC circuit where the ring structure corresponds to the inductor and the gap corresponds 
to the capacitance. The resonant frequency of the LC mode (f0) is given by ଴݂ =
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1/(2ߨ√ܮܥ). It can be excited electrically (i), magnetically (ii), and electromagnetically 
(iii), as shown in Figure 2.3. An excitation induces oscillating current in the ring structure, 
resultsing in an electric dipole and magnetic dipole, just like the atoms in natural 
materials. Thus, the arrayed SRRs can exhibit an effective permittivity and permeability. 
We will discuss the effective properties of the SRRs under different excitation conditions 
using numerical simulations. To simplify the simulations and exclude the effects of the 
substrate, a SRR in free-space is simulated using the frequency solver in CST Microwave 
Studio. In these simulations, a SRR is constrained by the unit-cell boundary and a plane 
wave is incident. 
 
Figure 2.3 The illustration of the a split ring resonator under different excitations. (i) electric 
excitation, (ii) magnetic excitation, and (iii) electromagnetic excitation. 
(i) Electric excitation 
As shown in Figure 2.3 (i), since the magnetic field the magnetic field is parallel to the 
plane of the SRR, it cannot couple to the resonator. However, the electric field that is 
parallel to side with the slit can driving the oscillating current in the ring, resulting in an 
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electric dipole py(t) along the y axis: 
 ݌௬(ݐ) = ݃ න ܫ(ݐ)݀ݐ (2.16)
in which g is the capacitive gap in the SRR and I(t) is the oscillating current excited. 
Assuming a harmonic field is incident, i.e. Ey(t) = Eyexp(iωt), the voltage induced across 
the gap is V(t) = Ey(t)g. The induced current is 
 ܫ(ݐ) = 1
ቀܴ + ݅߱ܮ + 1݅߱ܥቁ
ܧ௬(ݐ)݃ (2.17)
where R, L and C are the equivalent resistance, inductance and capacitance of the SRR, g 
is the size of the capacitive gap. Hence, we can get the electric dipole  
 ݌௬(ݐ) =
ܫ(ݐ)
݅߱ =
1
݅߱(ܴ + ݅߱ܮ + 1݅߱ܥ)
ܧ௬݃ଶ (2.18)
If the lattice constant is axy for the xy plane and az along the z-axis, the electric 
polarization is  
 ௬ܲ(ݐ) =
݃ଶ
ܽ௫௬ଶ ܽ௭ ∙
1
݅߱(ܴ + ݅߱ܮ + 1݅߱ܥ)
ܧ௬ = ߙ௬௬௘௘ ܧ௬ (2.19)
in which ߙ௬௬௘௘  is the polarization coefficient along y-axis. The effective permittivity 
should be  
 ߝ = ߝஶ + ߙ௬௬௘௘  (2.20)
where ε∞ is the permittivity at infinite frequency. From Equation (2.19), we can see that a 
resonance intrinsic exists with resonance frequency of ω0 =ඥ1 ܮܥ⁄ .  
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The transmission and reflection coefficients of the electrically excited SRR is 
numerically simulated and the effective parameters are extracted using the method 
described above. The results are shown in Figure 2.4. The peak in the transmission (S21) 
corresponds to the resonance frequency. The extracted permittivity shows the same 
resonance characteristic with Eq. (2.19), which proves the validity of the theoretical 
model. Since the circulating current in the SRR can induce the magnetic field around it, a 
small permeability (μ) is obtained, along with a non-zero bianisotropic parameter (ξ). It 
reveals that the single slit SRR is a bianistropic material, in which the coupling between 
electric and magnetic response exists. However, μ and ξ are much smaller than ε, 
meaning that the SRR can couple to the electric field efficiently and exhibit a strong 
electric response, leading to a large effective permittivity with small permeability and 
bianisotropy.  
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Figure 2.4 Simulated S-parameters and extracted effective parameters for electrically excited 
SRRs. (a) The transmission (S21) and reflection (S11) coefficient of a SRR under purely electric 
excitation (as shown in the inset). (b) The extracted effective permittivity (ε). (c) The extracted 
effective permeability (μ). (d) The extracted bianisotropic parameter (ξ). 
(ii) Magnetic excitation 
As shown in Figure 2.4 (ii), the magnetic field is normal to the plane of the SRR and 
electric field is perpendicular to the side with slit for this incident polarization. The 
electric field cannot couple to the SRR to excite the LC mode while the magnetic field 
can drive an oscillating current. The magnetic dipole generated by the current is  
 ݉௭ = ݈ଶܫ(ݐ) (2.21)
where l is the sidewidth of the SRR. Assuming we have a harmonic incident field, i.e. 
Hz(t) = Hzexp(iωt), the induced emf in the ring is  
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 ܸ = ݀߶݀ݐ  (2.22)
in which ϕ is the magnetic flux, ϕ = μ0Hz(t)l2. Hence, the magnetic dipole can be written 
as 
 
݉௭ = ݈ଶ
ܸ
(ܴ + ݅߱ܮ + 1݅߱ܥ)
= ݈ଶ ߤ଴݈
ଶ
ቀܴ + ݅߱ܮ + 1݅߱ܥቁ
݅߱ܪ௭(ݐ)
= ߤ଴݈ସ
߱ଶܥ
(ܴ݅߱ܥ − ߱ଶܮܥ + 1) ܪ௭(ݐ) 
(2.23)
The total magnetic dipole is  
 ܯ௭ =
ߤ଴݈ସ
ܽ௫௬ଶ ܽ௭
߱ଶܥ
(ܴ݅߱ܥ − ߱ଶܮܥ + 1) ܪ௭(ݐ) = ߙ௭௭
௠௠ܪ௭(ݐ) (2.24)
 
The effective permittivity is  
 ߤ = ߤஶ + ߙ௭௭௠௠ (2.25)
in which μ∞ is the permeability at infinite frequency. It also exhibits a Lorentz like 
resonance response. The extracted ε, μ, and ξ are shown in Figure 2.5. Different from the 
case of electric excitation, the effective permeability (μ) arises from the coupling between 
the SRR and the magnetic field. Meanwhile, the magnitude of the electric permittivity 
and bianistropic parameter is much smaller than the permeability. This indicates that the 
electric response induced by the magnetic excitation is weak.  
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Figure 2.5 Simulated S-parameters and extracted effective parameters for magnetically excited 
SRRs. (a) The transmission (S21) and reflection (S11) coefficient of a SRR under purely 
magnetic excitation (as shown in the inset). (b) The extracted effective permittivity (ε). (c) The 
extracted effective permeability (μ). (d) The extracted bianisotropic parameter (ξ).  
(iii) Electromagnetic excitation 
Figure 2.3 (iii) demonstrates the polarization of the EM wave that can couple to SRR 
electrically and magnetically, when the electric field is parallel to the side with gaps and 
magnetic field is perpendicular to the SRR plane. The electric and magnetic polarizations 
can be determined using Eq. (2.19) and (2.24). Meanwhile, electric field can excite 
magnetic dipoles and magnetic field can excite electric dipoles. Intuitively, the current 
driven by the magnetic field leads to charge accumulation at the ends of gap, inducing an 
electric polarization. The electric field induced circulating current generates a magnetic 
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dipole. Thus, a coupling between electric and magnetic response will produce 
bianisotropic parameters, which can be estimated by (Kriegler et al., 2010) 
 ߦ ∝ − ߱(߱଴ଶ − ߱ଶ − ݅ߛ߱) (2.26)
where ω0 is the resonant frequency of the LC mode and γ = R/L is the damping 
frequency. The complete response of the metamaterial can be expressed by  
 ൬ܦ௬ܤ௭ ൰ = ቆ
ߝ଴ߝ −݅ܿ଴ି ଵߦ
−݅ܿ଴ି ଵߦ ߤ଴ߤ ቇ ൬
ܧ௬
ܪ௭൰ (2.27)
in which ܿ଴ = 1/ඥߝ଴ߤ଴ is the speed of light in free space.  
Figure 2.6 (a) shows the simulated S11 and S21 of a SRR under electromagnetic 
excitation. The effective permittivity, permeability and bianisotropy are extracted and 
plotted in Figure 2.6 (b) – (d). Both ε and μ exhibit a resonance, which includes the 
coupling between electric and magnetic response. A relatively large bianisotropic 
parameter shows up for this excitation condition, which reveals the bianisotropic nature 
of the single slit SRR. To overcome the bianisotropy, several variations have been 
proposed, including double-split SRRs (DSRRs) (Baena, et al., 2005), electric-LC 
resonator (ELC) (Schurig, et al., 2006b) and broadside-couple SRRs (BC-SRRs) 
(Marqués, et al., 2002). We will discuss the response of ELC resonators, i.e. electric split 
ring resonators (ESRR), in the following section.  
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Figure 2.6 S-parameters and extracted effective parameters for electromagnetically excited SRRs. 
(a) The transmission (S21) and reflection (S11) coefficient of a SRR under electric and magnetic 
excitation (as shown in the inset). (b) The extracted effective permittivity (ε). (c) The extracted 
effective permeability (μ). (d) The extracted bianisotropic parameter (ξ). 
2.3.2 Electric Split Ring Resonator 
An electric split ring resonator (ESRR) is a symmetric structure composed of two split 
ring resonators with a common slit. Like single slit SRR, the fundamental resonance 
mode is the LC resonance corresponding to an equivalent circuit model with two 
inductors parallel-connected to a common capacitor. As result, if an ESRR and a SRR 
have the same dimensions, i.e. side width and gap size, the former will exhibit a lower 
resonance frequency than the latter. In other words, ESRRs are more compact inclusions 
than SRRs for metamaterials work at the same frequency.  
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When an ESRR is excited by an electric field, the fundamental LC resonance 
mode can be excited, as shown in Figure 2.7(a). Due to its symmetric structure, the 
currents oscillating in the two rings are opposite direction. The magnetic dipoles 
generated by the currents cancel with each other, leading to a weak magnetic response. 
Figure 2.7 (b) – (d) present the simulated S-parameters and extracted properties. It shows 
a strong response in the effective permittivity since the ESRR couples to the electric field. 
The effective permeability and bianistropic parameter are with negligible value, 
indicating weak coupling between the electric response and magnetic response. 
When the ESRR is under electromagnetic excitation (as shown in Figure 2.8 (a)), 
circulating currents are induced in the ring structures in an opposite direction, cancelling 
out the magnetic dipole as well. Like the electric excited case, only effective permittivity 
is arisen with trivial effective permeability and bianisotropic parameter according to our 
simulation results shown in Figure 2.8 (b)–(e). This characteristic makes the ESRR 
suitable for applications where we wish to decouple the electric and magnetic response, 
such as for some metamaterial perfect absorbers. Comparison between SRR and ESRR 
reveals that the latter one can eliminate bianisotropy. The statement is true only for the 
LC mode, not for dipolar or higher resonance modes.  
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Figure 2.7 Simulated S-parameters and extracted effective parameters for electrically excited 
ESRRs. (a) An ELC resonator under electric excitation. (b) The simulated S-parameters of the 
ELC resonator. (c) – (e) The extracted effective permittivity, permeability and bianisotropic 
parameter. 
 
Figure 2.8 Simulated S-parameters and extracted effective parameters for electrically excited 
ESRRs.(a) An ELC resonator under electromagnetic excitation. (b) The simulated S-parameters 
of the ELC resonator. (c) – (e) The extracted effective permittivity, permeability and 
bianisotropic parameter. 
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2.4 Conclusion 
In this chapter, the basic principles of metamaterials have been discussed. The Lorentz 
model that is widely used to describe the electromagnetic response of natural materials is 
introduced. Metamaterials can mimic the electromagnetic responses of the nature 
materials by unit-cell design according to the effective medium theory that is valid when 
the unit-cell is smaller than half wavelength. Due to the difficulties in modeling the 
electromagnetic properties at the unit-cell level, a parameter retrieval method is used to 
extract the effective permittivity, permeability and bianisotropic parameter from the 
measured or simulated transmission and reflection coefficients. Two classical unit-cells 
of metamaterials, i.e. SRR and ESRR, are discussed in detail with a unit-cell equivalent 
circuit model and extracted effective parameters. The SRRs exhibit Lorentz response in 
both permittivity and permeability with strong bianisotropy. However, the ESRR 
resonators show the decoupling between the electric and magnetic response. The analysis 
and results reveal that we can design homogeneous effective parameters of metamaterial 
with the SRRs. In the following chapters, we will use these basic unit-cell structures to 
build metamaterial-based devices.  
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CHAPTER 3 OPTICALLY TUNABLE METAMATERIALS ON 
FLEXIBLE SUBSTRATE 
Metamaterials composed of artificial subwavelength structures have been considered as a 
paradigm for engineering the electromagnetic responses of a material. With the ability of 
controlling its properties at the ‘meta-atoms’ level, metamaterials were widely used in 
building super-lenses, waveplates, metamaterial perfect absorbers, and invisibility cloaks, 
among others. Overtime, the research agenda has been shifting towards achieving tunable, 
switchable, and nonlinear metamaterials for functions including modulators, switches, 
light limiters, and detectors. This is particularly important for the THz, i.e. far infrared, 
frequency region due to the need for functional devices. THz metamaterials open a route 
to build devices for THz modulation, detection and imaging.  
In this chapter, work on tunable and nonlinear metamaterials on flexible substrate 
is presented in details. The tuning is based on the carrier dynamics in the semiconductor 
material that is integrated with the metamaterial unit cells. We use a semiconductor 
transfer process to fabricate the ESRRs with GaAs patches on an ultrathin flexible 
polyimide substrate, making the metamaterials more applicable to practical applications. 
3.1 Introduction 
As we discussed in the previous chapter, the response of a metamaterial depends on the 
resonance behavior of the unit-cells, which is correlated to the geometry and material 
composites of the unit cells. One efficient way to tune the metamaterial properties is to 
modify the properties of the materials composing the metamaterial. Semiconductors, 
whose electronic properties can be modulated by electric gating or photo excitation, is a 
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good candidate to construct tunable metamaterials (Padilla, et al., 2006). Intrinsic 
semiconductors have very low conductivity as in dielectrics, so they can be used as 
metamaterial substrates or supporting structures. The conductivity can be increased by 
orders of magnitude through doping or excitation enabling metallic-like behavior. For 
instance, silicon is introduced to metallic electric-LC resonators as the material for 
capacitive gaps or inductive loops and the metamaterial response can be modulated via 
photoexcitation (Chen et al., 2008). 
The majority of semiconductor based tunable metamaterials were fabricated on 
bulk substrates, such as GaAs, silicon, or sapphire, due to the ease of fabrication. The 
accurate characterization of these metamaterials generally requires an identical blank 
substrate as a reference, which can complicate their characterization and application in 
THz systems. Moreover, a thick solid substrate may lead to etalon effects and large 
anisotropies in the response of the metamaterials (Seren et al., 2014). It will enhance the 
applicability of metamaterial if the semiconductor based tunable metamaterials can be 
fabricated on a thin and flexible substrate.  
Recent progress on transfer-printing techniques used to patterning metallic and 
semiconductor structures onto flexible substrate inspired us to overcome the limitations 
of bulk substrate by fabricating semiconductor based tunable metamaterials on ultra-thin 
and flexible substrate (Kim, et al., 2008a; Kim, et al., 2008b; Rogers, et al., 2010). A 
typical process for transfer-printing technique is shown in Figure 3.1 (Kelsall, 2012). The 
semiconductor or metal structures, which is called ‘ink’, are fabricated on a ‘donor’ 
substrate interspaced by a sacrificial layer. Then, an elastomeric stamp was pressed on 
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the ink and peeled off to pick up the ink structures. The loaded stamp was applied to the 
target substrate and peeled off after the bonding between the ink and the target substrate 
formed. The ink can be transferred to an arbitrary substrate using this technique. We 
adopted this technique to fabricate tunable metamaterials and perfect absorbers on 
flexible substrates with high yield.  
 
Figure 3.1 An example process of transfer-printing technique (Kelsall, 2012). 
 
3.2 Optically Tunable THz Metamaterial on Flexible Substrate 
3.2.1 Design and Fabrication 
The proposed optically tunable metamaterials are composed of an array of unit-cells, as 
shown in Figure 3.2 (a), which consist of an ESRR on a GaAs patch embedded in the 
polyimide thin film. As discussed in the previous chapter, the canonical ESRR resonator 
can be modeled as two parallel-connected inductors with a common capacitor. In this 
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design, the capacitor is determined by the geometry of the capacitive gap and the 
property of the GaAs patch and polyimide. As a semiconductor material, when GaAs is 
optically pumped with above bandgap photons, electrons in the valence band will be 
excited to the conduction band, increasing its conductivity. Hence, the equivalent circuit 
model of the tunable metamaterial can be considered as an LC resonator with a rheostat 
whose resistance can be modulated by the optical pump power (as shown in Figure 3.2 
(b)). The increased GaAs conductivity (decreased resistance) will shunt the ESRR 
capacitance thereby damping the LC resonance. The whole array of the ESRRs on GaAs 
patches are transferred to a polyimide thin films to form an ultrathin flexible 
metamaterial modulator whose response can be modulated by the optical pump beam, as 
schematically illustrated by Figure 3.2 (c). Notably, two rectangular holes are patterned 
on the GaAs patches in order to easily release the structures from the rigid substrate.  
Figure 3.3 shows the fabrication process of the tunable THz metamaterials on 
flexible substrate. First, a 300-nm sacrificial layer of Al0.95Ga0.05As, 400-nm SI-GaAs, 
and 150-nm n-type GaAs with carrier density of 1×1016 cm-3 were epitaxially grown on a 
2’’ semi-insulating (SI) GaAs wafer sequentially. Then, an 8×8 mm2 array of ESRRs 
with 150-nm gold film was patterned on the epitaxial layer, with an overall sample size of 
1×1 cm2 to facilitate handling during the characterization. Next, wet etching of the 
epilayer with citric acid: H2O2 (10:1) solution was used to define the GaAs patches in the 
center of the eSRRs after photoresist S1813 was spin coated and patterned (Figure 3.3  
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Figure 3.2 Illustration of the flexible tunable metamaterial. (a) Schematic of a unit cell of the 
optically tunable metamaterial, including a ELC resonator on GaAs patch embedded in polyimide 
film. (b) The equivalent circuit model of the tunable ELC resonator. (c) Illustration of the flexible 
tunable metamaterial under 800nm optical pump beam. 
(a)). The GaAs etching rate at room temperature was approximately 200 nm/min, as 
shown in Figure 3.4. Because of the highly selective etching solution for GaAs on 
Al0.95Ga0.05As layer, after the GaAs had been etched away, the Al0.95Ga0.05As sacrificial 
layer was exposed. The following step is to dip the wafer into a diluted HF solution 
(HF:H2O = 1:10) to remove part of the sacrificial layer, as shown in Figure 3.3 (b). The 
isotropic HF etching of Al0.95Ga0.05As yielded approximately 500-nm undercut beneath 
the epi-GaAs layer, which facilitates the subsequent transfer process. After removing the 
photoresist, a 4-μm-thick polyimide layer was spin coated on the wafer followed by a 
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curing process at 275°C in N2 ambient for 1 hr (Figure 3.3 (c)). During this process, the 
undercut area was also filled with polyimide. Next, RIE etching of polyimide with 
oxygen gas was performed to define the etching windows so that the following wet 
etching process can remove the exposed GaAs layer and form release holes (Figure 3.3 
(d)). Finally, after sacrificial layer etching in the diluted HF solution, the polyimide was 
released from the GaAs substrate and the metamaterials with the epilayer was 
successfully transferred to the polyimide substrate (Figure 3.3 (e)). It should be 
mentioned that our process can also be used to transfer other semiconductors including 
silicon, InAs, or two-dimensional electron gas (2DEG) layers onto a flexible substrate. 
Figure 3.5 (a) and (b) are the microscope images of the MM before releasing. The total 
thickness of the metamaterial is approximately 4 μm, which is the thickness of the 
polyimide thin film. A photograph of flexible metamaterials with GaAs epilayers 
wrapped onto a vial, showing that the metamaterial is flexible and conformal to arbitrary 
surfaces.  
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Figure 3.3 Fabrication process flow of the flexible tunable metamaterial. (a) Pattern Au ESRR 
structure and wet etch of GaAs patches. (b) Etch AlGaAs layer. (c) Spin polyimide on ESRR. (d) 
Etch polyimide with O2 plasma to form the releasing holes. (e) Etch AlGaAs layer to release the 
flexible metamaterial structure. 
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Figure 3.4 The etching rate of GaAs in the diluted citric acid solution. 
 
Figure 3.5 Microscope images of the ESRRS before releasing from GaAs substrate. (a) Arrayed 
SRRs. (b) Close-up view of the SRR l = 52 μm, li = 56 μm, w = 4 μm, g = 2.5 μm, p = 68 μm. 
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3.2.2 Experiment and Results 
Optical-pump THz-probe (OPTP) spectroscopy was used to characterize the response of 
the flexible and tunable MMs. To characterize the electromagnetic response, sample and 
reference scans were obtained with air as the reference. The flexible MM was mounted 
on a holder such that the THz pulses were at normal incidence to the sample with electric 
field normal to the gaps of the ESRRs. The OPTP spectroscopy system provided 
amplified, ~35 fs, near infrared laser pulses at center wavelength of 800 nm and a 
repetition rate of 1 kHz to photoexcite the charge carriers in the GaAs patches. The 
optical beam was focused onto the sample with a diameter of 4 mm. Since the 
photocarrier lifetime in GaAs is ~1 ns, the THz probe beam was set to arrive on the 
sample 10 ps after the 1.55-eV pump pulse such that a quasi-steady-state accumulation of 
the carriers is established. The experiment was carried out in a humidity-controlled 
environment. 
Figure 3.6 shows the experimental terahertz transmission spectra of the flexible 
metamaterials at various excitation powers. In the absence of 1.55-eV (corresponding to 
wavelength of 800 nm) pump excitation, the excited LC resonance is at 0.98 THz with 
transmission amplitude of 25% as shown in Figure 3.6 (black curve). The 4 μm thickness 
of the sample is ~0.013 of the corresponding free space wavelength at 0.98 THz. As the 
pump power is increased from 0 to 1 mW (equivalent to a fluence of 8 μJ/cm2), the 
resonance strength weakens and transmission increases to ~ 40%. In comparison with 
previously reported optically tunable metamaterials on silicon thin film (Chen et al., 2008; 
Zhang et al., 2012; Fan et al., 2013b), the pumping power is approximately two orders of 
  
40
magnitude smaller. Further increasing the pump power results in an LC resonance that is 
significantly damped and finally disappears as the orange line shows in Figure 3.6. The 
transmission amplitude at 0.98 THz does not increase notably, yet the resonant frequency 
blueshifts. The transmission at 1.25 THz decreases with increasing pumping power. 
 
Figure 3.6 Experimental results of transmission response at different pump powers using OPTP 
spectroscopy.  
Figure 3.7 (a) is a plot of the transmission as a function of fluence at 0.98 THz 
and 1.25 THz. With increasing fluence from 0 to 64 μJ/cm2, the transmission at 1.25 THz 
decreases from approximately 80% to 25%. To explicitly show the tunability of 
metamaterial, the differential transmission ΔT (modulation depth) is plotted in Figure 3.7 
(b). It is defined as ΔT = (TP – T0)/T0, where TP is the transmission amplitude at pump 
power P and T0 corresponds to the transmission without pump beam. At the resonant 
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frequency of 0.98 THz, the maximum modulation reaches over 60% as the incident 
power increases from 0.28 to 8 mW. When the frequency is larger than 1.1 THz, the 
modulation depth is relatively flat yet with a modulation depth above 60% in a broad 
range from 1.1 to 1.8 THz. This could be useful for broadband transmission modulation. 
3.2.3 Discussion 
To explain the nature of the amplitude tuning and blueshift of the resonance, we 
performed finite-difference time-domain (FDTD) simulations using CST commercial 
software. In our model, the dimensions of the ESRRs are based on measurements of the 
fabricated samples. The gold layer was simulated as a lossy metal with conductivity of 
σgold = 4.5×105 (Ω×cm)-1. The 4-μm thick polyimide was modeled as a lossy dielectric 
material with a dielectric constant of 2.88 and loss tangent of 0.03 as determined from 
previous work (Tao et al., 2008). The modeling of the GaAs patch requires more 
attention since there are two layers of GaAs. When there is no pump beam exciting the 
carriers, the top 400-nm semi-insulating (SI) GaAs layer can be modeled as a simple 
lossy dielectric material with a dielectric constant of 12.9, while the bottom 150-nm n-
type GaAs, under the ESRRs, is modeled as a Drude type material, in which the plasma 
frequency ωp ∝ √݊, where n is the carrier density. Initially, for the n-type GaAs thin film, 
n is set to 1×1016 cm-3. After photoexcitation, since the total thickness of the GaAs 
epilayer is thinner than the penetration depth of 1.55-eV beam in GaAs (approximately 
750nm) (Kadlec, et al., 2004), carriers are generated in both the SI-GaAs layer and n-type 
GaAs layer. In our simulations, we assumed, for simplicity, homogeneous 
photoexcitation of carriers in both layers. Therefore, the Drude model was applied for 
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both layers but with different carrier densities due to the initial doping in the n-type GaAs 
layer. 
 
Figure 3.7 (a) Transmission as function of pump fluence at 0.98 and 1.25 THz. (b) Power 
dependence of the differential transmission. 
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Figure 3.8 Simulation results of transmission as a function of carrier density of GaAs thin film.  
Figure 3.8 shows the simulated transmission as a function of carrier density in the 
SI-GaAs layer. As the induced carrier density increases from 1010 cm-3 to 1.6×1016 cm-3, 
the transmission at the resonance increases and the resonant frequency blueshifts due to 
the decreased real part of permittivity of GaAs. However, with further increasing the 
carrier density, the transmission around 1.2 THz decreases and the LC resonance is 
strongly damped. With a density of 1.3×1017 cm-3, there is a very broad resonance at 1.6 
THz, which is attributed to the dipole-like resonance of the ESRRs with the gap shorted. 
The corresponding induced carrier density of 1.3 × 1017 cm-3 is consistent with the 
experimental results in (Chatzakis, et al., 2012) showing that the carrier density is on the 
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order of 1017 cm-3 under 70 μJ/cm2 photoexcitation on 630-μm-thick highly resistive 
GaAs . In general, our simulation results agree with the experiment.  
The tuning transmission response of the metamaterial leads to modulation of 
effective permittivity ε(ω) of the metamaterials. Figure 3.9 shows the real and imaginary 
part of the extracted effective permittivity depending on the carrier density of excited 
GaAs patches (assuming the total thickness of 4.0 μm equal to its physical thickness). 
Without photoexcitation, the permittivity shows a strong Lorentzian response at 0.98 and 
2.5 THz (black curve), which corresponds to fundamental LC resonance and high-order 
dipole resonance, respectively. As the excited carriers increase to 4 ×1016 cm-3, the 
resonant frequency blueshifts and the resonance is significantly damped by the 
conductive GaAs layer. The GaAs layer has two effects on the response of metamaterials. 
According to Drude model, the larger carrier density increases the plasma frequency ωp, 
and thereby, εr decreases and becomes negative, whereas the increased εi introduces loss 
into the resonator, damping the resonance. Further increasing the carrier density, the 
resonance close to 1.5 THz becomes stronger since the significantly increased 
conductivity of GaAs shorts the SRR gap, resulting in a modified dipolar resonance 
around 2 THz. Therefore, the εim of metamaterials around 1.5 THz shown in Figure 3.9 (b) 
increases and broadens due to the enhanced dipole resonance.  
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Figure 3.9 Extracted effective permittivity dependent on photoexcited carrier density in GaAs 
epilayer. (a) Real part of permittivity. (b) Imaginary part of permittivity. 
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3.2.4 Summary 
In the section, an optically tunable THz metamaterial on flexible substrate was presented. 
The semiconductor transfer process has been proved to be an effective route to build the 
ultrathin tunable metamaterial. The total thickness of sample is 4.7 μm, equivalent to 
~0.015 of the resonant wavelength at 0.98 THz. Our experimental results show that low-
fluence photoexcitation of the GaAs layer yields a transmission modulation depth of 60%. 
Numerical simulations agree with the experimental results and reveal the details of the 
modulation of the effective permittivity.  Our flexible tunable device enables the creation 
of tunable multilayered nonplanar electromagnetic composites and potential sensing 
applications on nonplanar structures. 
3.3 Optically Tunable Flexible THz Metamaterial Perfect Absorber 
3.3.1 Metamaterial Perfect Absorber  
One major application of metamaterials is to construct optically thin electromagnetic 
absorbers. The classical electromagnetic absorbers, i.e. Dallenbach (Dallenbach, et al., 
1938) and Salisbury (Salisbury, 1952) absorbers, were developed along with the work on 
the first radars. A Dallenbach absorber consisted of an impedance matched dielectric 
layer with quarter-wavelength thickness backed by a metal ground plane. A Salisbury 
absorber comprised a single resistive sheet and a metal ground plane separated by a 
quarter-wavelength spacer. Both of them were with thickness approximately equal to the 
quarter wavelength, forming a resonator structure. As a result, most of these absorbers are 
considerably thick, especially for the microwave applications, making them not practical 
for many applications. The development of metamaterials provides us a route to build the 
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electromagnetic absorbers with subwavelength thickness.  
The metamaterial perfect absorber (MPA) was first introduced in (Landy, et al., 
2008). The unit cell of the MPA was an electric ring resonator (ERR) and a cut wire 
separated by a dielectric substrate. The electric response was controlled by the ERR while 
the magnetic response was dependent with the cut wire length and separation distance 
between ERR and cut wire. Hence, the effective permittivity (εr) and permeability (μr) 
can be decoupled and controlled separately. The impedance of the effective medium can 
be defined as ܼ = ඥߤ௥ߤ଴ ߝ௥ߝ଴⁄ , where ε0 and μ0 are the free space permittivity and 
permeability, respectively. By tuning the structure, we can achieve ߝ௥ = ߤ௥ at a specific 
frequency, i.e. the impedance of the MPA matches the free-space. Hence, the reflection 
from the MPA will be minimized according to the Fresnel equation. The loss in the metal 
and substrate structure contribute to weaken the transmission. All the energy will be 
absorbed by the MPA due to the trivial reflection and transmission at the designated 
frequency. The effective medium model can describe the perfect absorption phenomenon. 
However, it is hard to retrieve the effective parameters when the metamaterial is backed 
with a ground plane (not cut wires), which is a more common MPA configuration (Watts 
et al., 2012), because the transmission coefficient is eliminated by the ground plane. Thus, 
the effective medium model is often used to qualitatively explain the MPA (Ra’di, et al., 
2015).  
Another interpretation of perfect absorption is based on the interference theory 
(Chen, 2012), which can give us a more quantitative explanation on this phenomenon. As 
shown in Figure 3.10 (a), it is a generalized structure of a MPA, including a metamaterial 
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layer, a dielectric spacer, and a ground plane. At the air/MPA interface, the incident 
electromagnetic wave is partially reflected with a complex reflection coefficient (̆ݎଵଶ =
ݎଵଶ݁௜థభమ) and partially transmitted to the dielectric spacer with a transmission coefficient 
(̆ݐଵଶ = ݐଵଶ݁௜ఏభమ). The transmitted wave propagates in the dielectric material until reaches 
the ground plane, with an additional complex phase delay β = (nr+ini)k0d, where nr and ni 
are the real and imaginary refractive index of the dielectric material, respectively, k0 is 
the free space propagation constant, and d is the thickness of the dielectric material. At 
the dielectric/ground plane interface, the reflection coefficient ̆ݎଶଷ is -1 since the metal 
can be regarded as PEC boundary at THz frequencies. After another propagation phase 
delay (β), partial reflection and transmission occur again at the metamaterial/air interface 
with reflection coefficient of ̆ݎଶଵ = ݎଶଵ݁௜థమభ and transmission coefficient ̆ݐଶଵ = ݐଶଵ݁௜ఏమభ. 
Multiple reflections exist in the dielectric material and the total reflection can be written 
as  
 ݎ = ̆ݎଵଶ + ෍ ̆ݐଵଶ̆ݎଶଷ̆ݐଶଵ݁௜ଶఉ(̆ݎଶଵ̆ݎଶଷ݁௜ଶఉ)௠
ஶ
௠ୀ଴
= ̆ݎଵଶ −
̆ݐଵଶ̆ݐଶଵ݁௜ଶఉ
1 + ̆ݎଶଵ݁௜ଶఉ (3.1)
where the first term is the reflection at the air/metamaterial interface, and the second term 
results from the multiple reflections. For a specific metamaterial structure, we can get the 
reflection and transmission coefficients (̆ݎଵଶ, ̆ݎଶଵ, ̆ݐଵଶ, and ̆ݐଶଵ) from theoretical analysis 
(if it is possible) or numerical simulations. Then, the structure could be optimized by 
tuning the refractive index (or permittivity) and thickness of the dielectric material to 
achieve a perfect absorption at a desired frequency.  
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Figure 3.10 (a) A generalized cross section view of the metamaterial perfect absorbers. (b) Top 
view and cross section view of a unit cell of optically tunable metamaterial perfect absorber.  
Here, the tunable metamaterial structure discussed in the previous section is used 
to construct a MPA, as shown in Figure 3.10 (b). A gold layer that is thicker than the skin 
depth is coated on the back side of the polyimide spacer in the metamaterial structure 
working as the ground plane. The materials properties and the structural geometries used 
in the simulation are listed in Table 3.1 and Table 3.2, respectively. The reflection and 
transmission coefficients at the air/MPA interface, as shown in Figure 3.11, are simulated 
numerically. Based on these simulated complex coefficients and Eq. (3.1), we can 
calculate the reflection coefficients (r) of the MPA.  Due to the existence of the ground 
plane, the transmission is eliminated and the absorbance (A) can be calculated as A = 1-
|r|2. For example, when the polyimide thickness is 11 μm, the reflection and absorbance 
spectra are the red curves in Figure 3.11 (c) and (d). The maximal absorption is ~ 91.7% 
at the resonance frequency ~ 0.77 THz.  The calculated results show good agreement 
with the numerical simulation results, which validates the accuracy of the interference 
model. At this frequency, the reflection from the air/metamaterial interface and the 
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ground plane destructively interfere with each other to cancel the overall reflection and 
trap the incident electromagnetic wave. The MPA works as a resonator to trap all the 
incident power. The resonance mode is corresponding to the circulating current in the 
ESRR, named as the LC resonance mode. There is a second absorbance peak at ~1.78 
THz, corresponding to the dipole resonance mode of the ESRR.   
Table 3.1 The material properties used in the MPA analysis. 
Symbol Value(unit: μm) Description 
P 57 Periodicity of the unit cell 
l 50 Side length of the ESRR 
w 5 Line width of the ESRR 
g 4 Gap in the ESRR 
li 54 Side length of the GaAs patch 
Table 3.2 The structural parameters of the designed MPA 
For the known metamaterial structure and spacer material (n is known), we can 
modify the spacer thickness (d) to adjust the propagation phase delay (β) to optimize the 
absorption at the resonance modes. It effects the peak absorbance significantly and the 
resonant frequency slightly, as shown in Figure 3.12. The peak absorbance and resonance 
Material 
Conductivity 
(S/cm) 
Permittivity Loss Tangent 
Au 4.56×105 n/a n/a 
Polyimide n/a 2.88 0.037 
GaAs 0.01 12.94 n/a 
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frequency are calculated for different spacer thicknesses. We can find an optimal 
thickness with the maximum absorbance, which is 99.92% with spacer thickness ~7.95 
μm. The peak absorbance degrades when the spacer thickness moves far away from this 
optimal value; however, the resonance frequency decreases with the increasing spacer 
thickness. The variations of the peak absorbance and resonance frequency predicted by 
the interference theory agree well with the numerical simulation results. Even though the 
discussion is for the normal incident condition, it can be generalized for arbitrary incident 
angle by scaling the propagation phase delay by the oblique angle.  
 
Figure 3.11 Simulated reflection and transmission coefficients of the metamaterial and the 
corresponding MPA. (a) and (b) The simulated reflection and transmission coefficients at the 
air/MPA interface. (c) and (d) are the reflection and absorbance spectra of the MPA (red curve: 
calculated results using interference theory; blue dotted curve: numerically simulated results). 
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Figure 3.12 The peak absorbance (a) and resonance frequency (b) for different spacer thickness 
(d). 
As demonstrated in the previous section, the optical pump can tune the 
transmission and reflection response of the metamaterial by exciting carriers in the 
semiconductor material. Similarly, the absorbance spectrum of the MPA shown in Figure 
3.10 (b) can be modulated by the optical pump power due the change of the reflection 
and transmission coefficients at the air/MPA interface. With the semiconductor transfer 
process we developed, we constructed a flexible metamaterial perfect absorber by adding 
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a ground plane evaporation process after the releasing step in Figure 3.3. The results are 
to be discussed in the following sections.  
3.3.2 Experimental Results  
The fabricated metamaterial perfect absorber, as shown in Figure 3.13, was characterized 
using optical pump THz TDS. The flexible absorber sample was mounted on a holder so 
that the transverse magnetic (TM) THz pulses were 45° oblique incidence to the sample, 
as well as a gold coated reflector that is used as the reference. The reflection time domain 
signals were picked up and converted to the reflection spectra using Fast Fourier 
Transform (FFT).  
The experimental results are shown in Figure 3.14, in which (a) is the measured 
reflection (and transmission) spectra and (b) is the calculated absorbance. The 
transmission, represented by the black curve in Figure 3.14 (a), is negligible with a 
maximal transmittance of 0.25%, indicating that the ground plane can block the 
transmission even though there are some releasing holes on it. Thus, the absorbance can 
be calculated as A = 1 - |r|2, where r is the reflection coefficient. In the absence of 1.55eV 
(~800 nm) pump beam, there were two absorbance peaks at 0.78 THz and 1.75 THz. 
According to our design, the absorbance of the first mode should be larger than the 
second one. This held true when the thickness of the polyimide spacer is 9 μm. However, 
the thickness was ~ 5 μm in the fabricated MPA due to the variations in the fabrication 
process, giving rise to a difference between the theoretical calculation and the 
experimental result. This will be discussed in more details in next section. When the 
pump power increased from 0 mW to 3.2 mW, the resonance strength of the two modes 
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became weaker and the absorbance decreased. If the pump power was high enough, 
specifically, higher than 6.4 mW, the lower mode was completely damped since the 
pump beam served to excite sufficient photo-carriers in the GaAs; at the same time, the 
higher resonance frequency redshifted with the increase in the pump power. The quality 
factors at each mode became small and a broadband absorber was achieved in the 
medium pump power level. When the pump power was high enough, a relatively high 
quality factor resonant absorption was observed at 0.95 THz due to the redshift of the 
higher resonance mode in the absorptivity response. The reflectivity was tuned by 25% at 
the lower resonance frequency (0.78 THz) and 40% at the higher frequency (1.75 THz) 
with 25.6 mW pump power. 
 
Figure 3.13 Images of the ultra-thin metamaterial perfect absorber after releasing. (a) 
Microscopic images of the eSRRs array. (b) Zoom-in view of one ESRR unit, li =54 μm, l = 50 
μm, w = 4 μm, g = 4 μm, P = 57 μm. (c) A flexible tunable MM perfect absorber wrapped on a 
plastic vial. 
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Figure 3.14 Experimental results of the tunable MPA on flexible substrate. (a) reflection and 
transmission coefficients and (b) calculated absorbance at different optical pump powers. 
3.3.3 Discussion 
To understand the nature of the modulation on the absorbance, we performed the finite 
element simulation in frequency domain using CST Microwave Studio. The dimensions 
of the perfect absorber in our model were defined based on the fabricated samples. The 
gold layer was modeled as lossy metal with conductivity of gold = 4.5 × 105 S/cm, while 
the 5 μm polyimide was modeled as lossy dielectric material with dielectric constant of 
2.88 and a loss tangent of 0.037. The 300 nm thick SI-GaAs layer was modeled as 
material with tunable conductivity, thereby modeling the photo-excited carrier density in 
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the presence of pump power. The unit cell boundary condition was applied in our 
simulation and the THz source was obliquely incident on the sample at 45°. 
The simulated absorbance as a function of the SI-GaAs conductivity (σGaAs) is 
shown in Figure 3.15. With the conductivity increased from 1 S/cm (SI-GaAs) to 150 
S/cm, the variation in the simulated absorbance shows a similar trend to experimental 
results. When the conductivity of GaAs is low, there are two resonance modes. The 
surface current distribution of each mode is shown in Figure 3.16 (a) and (b), respectively. 
The lower frequency mode corresponds to the LC mode in which the current circulates 
along the split ring resonator, while the higher frequency mode is the dipole mode in 
which current oscillates along the metallic line in the SRR. There is little current in the 
GaAs structure. With the increase of σGaAs, the gap in the SRR is shorted and the LC 
resonance is damped gradually. Meanwhile, the length of dipole resonator becomes 
longer, leading to the redshift of dipole resonance. When the conductivity of GaAs is at a 
medium level, for example, between 50 and 80 S/cm, the quality factor of the LC and 
dipole resonators are both low because of the high damping in the GaAs structure. Hence, 
broadband absorption can be realized in these conditions. When the conductivity of GaAs 
is high enough, the LC resonance is eventually eliminated and only one resonance mode 
exists as shown in the red curve of Figure 3.15. The surface current distribution at the 
resonance frequency for σGaAs is 150 S/cm are shown in Figure 3.16 (c), indicating that 
this mode is a dipole with longer length than Figure 3.16 (b). Due to the increase of  
σGaAs, the damping in the GaAs structure decreases and the quality factor increases.  
The simulated results of tunable absorptivity agree well with the experimental 
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results. This indicates that the modulation of absorptivity of our MPA structure originates 
from the change of conductivity due to photo-excitation. By controlling to conductivity 
of GaAs, we can switch our absorber among three working modes: (1) dual-band 
absorber, (2) broadband absorber and (3) single-band absorber.  
 
Figure 3.15 Simulated absorbance with different conductivity of GaAs. 
 
Figure 3.16 Simulated surface current distributions of the optically tunable MPA at (a) 0.8 THz 
when GaAs=1 S/cm, (b) 1.8 THz when GaAs=1 S/cm, and(c) 0.9 THz when GaAs=150 S/cm. 
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We also calculated the power loss in the MPA device, illustrated in Figure 3.17. 
The incident EM power can be dissipated in the GaAs, metallic SRR and polyimide. The 
dielectric loss in the GaAs and polyimide spacer (Figure 3.17 (a) and (c)) exceeded the 
ohmic loss in metallic SRR (Figure 3.17 (b)) at LC resonance when the conductivity of 
GaAs is 1 S/cm. The power loss in the gap area of the SRR is dramatically large because 
the electric field across the gap is strong. However, when σGaAs is 150 S/cm, the 
capacitive gap of the LC resonator is shorted and the power loss around the gap drops 
greatly due to the weak electric field across the gap (as shown in Figure 3.17 (d)–(f)). In 
our absorber, most of the energy is dissipated in the GaAs patch. When the conductivity 
of GaAs is low, the polyimide spacer contributes more to the absorption than the 
condition when GaAs is photo-excited. 
 
Figure 3.17 Simulated power loss at different slice across the MPA structure. (a)–(c) The power 
loss in different material when σGaAs is 1 S/cm. (d)–(f) The power loss when  σGaAs is 150 S/cm. 
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3.3.4 Summary 
In summary, a novel freestanding ultrathin tunable metamaterial perfect absorber was 
fabricated employing a semiconductor transfer technique and characterized by OPTP 
spectroscopy. The thickness of the perfect absorber is 5 μm, corresponding to 2% of the 
working wavelength at 1 THz. The experimental results show that an 800 nm ultrafast 
laser beam with sufficient power on a GaAs patch can modulate the absorptivity by 25% 
at 0.78 THz and 40% at 1.75 THz. The numerical simulation with varying GaAs 
conductivity was performed to understand the origin of the tunability and the results 
agreed well with the experiments. According to the simulation and experimental results, 
we can switch the MPA among dual-band absorber, broadband absorber and single-band 
absorber modes by controlling the conductivity of GaAs. 
3.3 Nonlinear Terahertz Metamaterial Perfect Absorber 
So far, we have demonstrated to achieve tunability with the semiconductor around the 
metamaterial element resonators. In the first metamaterial paper (Pendry et al., 1999), the 
authors analyzed the local field confinement, i.e. field enhancement, of a split ring 
resonator theoretically. They proposed introducing nonlinear medium in the SRR 
structure to give rise to enhanced nonlinear effects. There have been pioneering 
demonstrations of nonlinear metamaterials at microwave frequencies (Shadrivov, et al., 
2008), extending to the IR (Minovich, et al., 2012). A variety of applications, including 
second-harmonic generation (Klein, et al., 2006; Merbold, et al., 2011; O’Brien, et al., 
2015), and self-reconfigurable chirality (Zhou, et al., 2012), can be realized by the 
nonlinear metamaterial.  
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With the rapid development of intense terahertz sources, nonlinear THz 
metamaterials have attracted great interest (Keiser et al., 2013). As with other spectral 
regions, THz metamaterials can confine the electric or magnetic field to subwavelength 
dimensions, yielding pronounced field enhancement (Seo et al., 2009; Werley, et al., 
2012). This enables phenomena such as field-induced phase transitions (Liu, et al., 2012), 
ultrafast field emission of electrons (Iwaszczuk, et al., 2015; Zhang, et al., 2015), 
electromigration (Strikwerda, et al., 2015), and electroluminescence (Lange, et al., 2014). 
Quite generally, nonlinear THz metamaterials can be realized by integrating 
subwavelength resonators with transition metal oxides (Liu et al., 2012), semiconductors 
(Fan, et al., 2013a; Lange et al., 2014; Abebe, et al., 2015), or any other nonlinear 
dielectric medium. GaAs, as a direct band semiconductor material, exhibits a significant 
nonlinear response due to field-induced carrier dynamics (Su, et al., 2009; Kuehn, et al., 
2010; Hirori, et al., 2011). It has been used to demonstrate the nonlinear metamaterials, 
as described in Refs. (Fan et al., 2013a; Lange et al., 2014).  
In this section, we will present nonlinear metamaterial perfect absorbers (MPAs), 
which is facilitated by the field enhancement in the unit cells. We will start with the 
analysis of the field enhancement effect in metamaterials and MPAs. Then, we will 
investigate the nonlinear properties of a solid MPA on a bulk GaAs substrate and a 
flexible ultrathin MPA. For the solid MPA, the LC resonance frequency redshifts about 
20 GHz and the peak absorption decreases from 100% to 70% as the incident THz peak 
electric field is increased from 30 to 300 kV/cm. For the flexible MPA, the absorption 
decreases with an increase in the peak field strength and exhibits a saturation behavior 
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when the peak field exceeds 210 kV/cm. Based on numerical simulation of carrier 
dynamics, we conclude that the nonlinear response originates from the field-induced 
carrier generation and intervalley scattering (IVS) in the GaAs.  
3.3.1 Electric Field Enhancement Effect 
As mentioned above, a metamaterial can couple to the incident electromagnetic field, 
arising oscillating current in the unit cells. Taking ESRR as an example, the circulating 
current is excited in loops and charges are accumulated at the edges of the gap under 
electric excitation, as shown in Figure 3.18. Superimposed with incident electric field, the 
electric field induced by the accumulated charges may lead to stronger electric field in the 
gap than the incident field, i.e. the electric field enhancement occurs. Due to the 
difficulties in modeling the field enhancement analytically and measuring the near field 
strength at the THz regimes experimentally, numerical simulations are used to estimate 
the field enhancement factors.  
 
Figure 3.18 An ESRR under electric excitation. The charges accumulated at the edges of the gap 
give rise to the electric field enhancement in the middle of the gap.  
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We will start with a qualitative description of the field enhancement. For the 
structure in Figure 3.18, the electric field in the middle of the gap is the superposition of 
the incident field and the field induced by the accumulated charges, given as 
 ܧ௚௔௣(߱) = ܧ௜௡௖(߱) +
ܳ(߱)
ߝ଴  (3.2)
where Q(ω) is the charge accumulated at the edges of the gap. We assume that a uniform 
current (I(ω)) is induced in the rings of the ESRR, the equation can be written as  
 ܧ௚௔௣(߱) = ܧ௜௡௖(߱) +
ܫ(߱)
݆߱ߝ଴ = ܧ଴݁
௝ఠ௧ + 1݆߱ߝ଴ ܫ଴݁
௝ఠ௧ାథ (3.3)
where E0 is the amplitude of the incident field, I0 is the amplitude of oscillating current in 
the resonator, and φ is the phase delay between the current and the incident field. The 
field enhancement factor can be calculated by 
 
ா݂(߱) =
ܧ௚௔௣(߱)
ܧ௜௡௖(߱) = 1 +
1
݆߱ߝ଴
ܫ(߱)
ܧ଴(߱) ≈
1
݆߱ߝ଴
ܫ(߱)
ܧ଴(߱) 
(3.4)
Since the resonance response exists in the current/E-field relation, the field 
enhancement factor exhibits a resonance response. We can maximize the current response 
to optimize the field enhancement factor with the resonator structure design.  
An ESRR on a polyimide thin film is utilized as an example to investigate the 
field enhancement effect. The dimensions of the ESRR are L = 80 μm, w = 8 μm, and g = 
3 μm with periodicity of P = 100 μm. It is fabricated on an 11 μm thick polyimide spacer 
with permittivity of 2.88 and loss tangent of 0.037. The time domain simulation is used to 
simulate the response of the ESRR and the electric field in the middle the capacitive gap 
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is probed. As shown in Figure 3.19 (a), the peak electric field strength is enhanced by 
~16 times in the middle of the gap. The incident electric field excites an oscillating 
current in the rings, leading to oscillations in electric field in the middle of the gap (in-
gap field). The Fourier transform is applied to the in-gap field to get its frequency 
spectrum (Egap(ω)). The spectrum of the incident field (Einc(ω)) is calculated as well. The 
field enhancement factor in the frequency domain can be calculated by fE(ω) = 
Egap(ω)/Einc(ω), as shown in Figure 3.19 (b). The maximum field enhancement factor ~80 
is achieved at 0.65 THz, corresponding to the resonance frequency of the ESRR. For the 
other frequency components, the field enhancement is weaker. It reveals the resonance 
intrinsic of the field enhancement factor, as depicted by Eq. (3.4). We can play with the 
structural parameters of the ESRR, including L, w, g, and P, to enhance the electric field 
at a specific frequency.  
A key parameter in determining the maximal field enhancement is the size of the 
capacitive gap. We run a series of simulations with the gap size varying from 2 μm to 6 
μm, using polyimide thin film (with permittivity of ε = 2.88 + i0.089) as the substrate. As 
shown in Figure 3.20 (a), with decreasing the gap size (g), the resonance frequency 
redshifts to lower frequency, which can be understood qualitatively by the equivalent 
circuit model of the ESRR resonator. A smaller gap leads to a larger capacitance that in 
turn reduces the resonance frequency. However, the decreased gap increases the in-gap 
electric field significantly. From Figure 3.20 (b), it can be seen that the field enhancement 
factor is linearly correlated to the ratio of λr/g, in which λr is the wavelength 
corresponding to the resonance frequency. More than 120 times field enhancement can be 
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achieved at 0.6 THz with 2 μm gap. To improve the field enhancement further, a smaller 
gap size can be utilized.  
 
Figure 3.19 The simulated electric field strength in the time domain (a) and frequency domain (b). 
Inset: oscillating current in the ESRR.  
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Figure 3.20 Simulated field enhancement factors for different gap sizes. 
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Similar to the single layer metamaterial, a metamaterial perfect absorber, which is 
composed of a metamaterials layer, dielectric spacer and ground plane, can give rise to 
enhanced electric field in the middle of the capacitive gaps. A gold ground plane is added 
on the back side of the polyimide layer (with permittivity of ε = 2.88 + i0.089) in the 
metamaterial aforementioned to form a MPA configuration. The in-gap field 
enhancement of the MPA is compared to the metamaterial, as shown in Figure 3.21. 
There are two peaks in the field enhancement spectrum, corresponding to the 
fundamental LC resonance and dipole resonance, respectively. For the LC mode, the field 
enhancement of the MPA is ~1.6 times stronger than the single metamaterial. The larger 
field enhancement may be explained qualitatively by the interference theory. According 
to this theory, the incident THz wave with the LC resonance frequency will be reflected 
multiple times and trapped in the dielectric spacer. The electric fields of the multiple 
reflections interference with the incident field constructively, leading to a larger current 
density in the ESRR structure. Thus, the field enhancement is stronger in the MPA 
configuration.  
If there is a nonlinear medium in vicinity of the capacitive gap in the MPA, a 
nonlinear perfect absorber whose response is dependent to the incident field strength is 
expected. With the design of the metamaterial structure, we can control the field 
enchantment and the resultant nonlinearity. Different functionalities, such as saturable 
absorption, THz fuse, etc., can be realized. 
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Figure 3.21 Comparison of the field enhancement factor between the MPA and metamaterial. 
The capacitive gap size is 2 μm for both structures. 
3.3.2 Nonlinear THz metamaterial Perfect Absorber on Solid Substrate 
As shown in Figure 3.22 (a), the nonlinear MPA consists of an array of electric 
split ring resonators (ESRRs) on the semi-insulating GaAs (SI-GaAs) substrate, a 
polyimide (PI) spacer, and a gold ground plane. Based on the interference theory 
discussed in the previous, we can optimize the metamaterial structure and polyimide 
thickness to achieve perfect absorption at a specific frequency, as shown in Figure 3.22 
(b).  In this design, the ESRR unit cells are with side width of 39 μm, capacitive gap of 
1.3 μm, periodicity of 50 μm, thickness of 150 nm and 5.5-μm-thick PI spacer, as shown 
in Figure 3.22 (c). According to the simulation results shown in Figure 3.22 (d), the peak 
field in the 1.3 μm capacitive gap is enhanced by a factor of 30 in comparison to the 
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incident field in the time domain. The enhancement factor is larger than the 
metamaterials that only couple the incident electric field (Fan et al., 2013a; Lange et al., 
2014) - i.e., in comparison to ESRRs not configured into a perfect absorber geometry. 
The intense in-gap electric field can induce electron tunneling and/or impact ionization 
(IMI) in the semiconductor substrate, modifying the electronic properties of the substrate 
in the vicinity of the gap. This, in turn, changes the EM response of the MPA. Hence, a 
nonlinear perfect absorber for which the EM characteristics depend on the incident field 
strength is expected. 
The MPA was fabricated using standard surface micromachining technique. The 
ESRRs were patterned on the SI-GaAs substrate with subsequent processes of 
photolithography, e-beam evaporation of gold, and lift-off. Then, the PI spacer was spin 
coated and cured at 275°C in N2 ambient, followed by ground plane deposition.  
The MPA is characterized using high-field THz time-domain spectroscopy (TDS) 
in reflection configuration (Seren, et al., 2016). Intense THz pulses with a maximum peak 
electric field of 300 kV/cm are generated using the tilted-pulse-front technique in LiNbO3 
(Lin, et al., 2009). A pair of wire grid polarizers is used to control the electric field 
strength (from 30 to 300 kV/cm) and polarization. Due to the existence of the GND, we 
have to probe the MPA from the backside of the GaAs substrate. As such, there is a front 
surface reflection from the GaAs in addition to multiple reflections (Fabry-Perot 
reflections) in the GaAs substrate, as depicted in Figure 3.23 (a). In the temporal response 
of the solid MPA sample, the first pulse corresponds to the reflection at the air/substrate 
interface. The pulse that interacts with the MPA is the second one in the time-domain 
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data. Thus, in what follows for the bulk absorber, we measure the internal absorption and 
neglect the reflective losses of the bulk substrate (Chen et al., 2006; Seren et al., 2014; 
Seren et al., 2016). For proper characterization, a piece of SI-GaAs coated with the 
polyimide spacer and ground is used as the reference (Figure 3.23 (b)). We perform the 
Fourier transform on the second pulse in the reflection of the MPA sample (the pulse in 
the gray area in Figure 3.23) to get the spectrum and normalize it to the spectrum of the 
second pulse of the reference.  
 
Figure 3.22 Design of the nonlinear MPA on bulk GaAs substrate. (a) Schematic of the MPA on 
the GaAs substrate. (b) Simulated transmittance (T), reflectance (R) and absorbance (A) spectra. 
(c) Microscope image of the ESRR array of the MPA (inset: closed-up view of a unit cell). (d) 
Simulated time domain field strength of the incident pulse (magnified by 10 times) and the 
electric field in the middle of the capacitive gap (inset: 2D map of the electric field enhancement 
factor: fE). 
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Figure 3.23 Simulated time domain response of (a) the MPA and (b) the reference demonstrates 
the multi-reflection effect of the GaAs substrate. The second pulse (gray shaded area) is the 
internal absorption response that is considered in our analysis. 
The experimental reflection spectra of the MPA are shown in Figure 3.24. The 
reflection (r) is measured at different incident THz field strengths. The ground plane 
eliminates the transmission (t). The absorbance (A) can be estimated by A = 1 - |r|2. At 
low incident THz electric fields, the maximum absorption is achieved at 0.68 THz, 
corresponding to the LC resonance mode of the metamaterial. With an increasing electric 
field, the LC mode shifts to lower frequencies; at the same time, the peak absorption is 
suppressed, as is plotted in Figure 3.24 (c) and (d). Our device behaves like a saturable 
absorber. The nonlinear response of the MPA originates from the field-dependent carrier 
dynamics in the substrate as described below. Upon high field THz incidence, electrons 
are injected into the conduction band in the SI-GaAs substrate in the vicinity of each 
ESRR gap, causing a decrease in absorption. We can determine whether multiphoton 
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absorption or tunneling ionization dominates the transition using the Keldysh parameter 
ߛ௄ = ߱THzඥ2݉∗ܧ௚/(݁ܧ௡,௠௔௫), where ߱THz  and En,max are, respectively, the frequency 
and peak field strength of the in-gap THz field; m* and Eg are the effective electron mass 
and bandgap of GaAs, respectively; e is the electron charge. For instance, when the 
incident peak field is 90 kV/cm, En,max is ~2.7 MV/cm in the middle of the gap using the 
field enhancement determined from the simulation (Figure 3.24 (d)). We use the 
resonance frequency (~0.68 THz) to calculate the Keldysh parameter, yielding γK ≈ 0.02 
<< 1. It indicates a location deep in the tunneling ionization regime and that multiphoton 
absorption (not surprisingly) plays no role in carrier generation. 
Nonetheless, there are two possible mechanisms for THz-induced carrier 
generation: Impact Ionization - IMI (Hirori et al., 2011; Fan et al., 2013a) and Zener 
tunneling (Lange et al., 2014). Efficient IMI occurs when the carrier kinetic energy 
exceeds the threshold energy ܧ௧௛ = ܧ௚(2݉∗ + ݉௛௛)/ (݉∗ + ݉௛௛) = 1.6 ܸ݁  where m* 
and mhh are, respectively, the effective masses of electrons and heavy holes (Anderson, et 
al., 1972). In the absence of scattering, the process of IMI can be modeled using 
ℏ ݀݇ ݀ݐ⁄ = −݁ܧ௡(ݐ), where k is the electron momentum and En is the enhanced in-gap 
THz electric field. When k reaches the threshold value ± 2.7×109  m-1, IMI is initiated and 
k goes to 0 based on the assumption that electrons lose all of their kinetic energy after 
IMI. N generations of IMI will lead to an increase in the electron density by a factor of 2N. 
Based on our simulated in-gap electric field, the above equation yields an increase in the 
carrier density of ~103 during a half-cycle of the THz pulse for an incident field of ETHz = 
30 kV/cm. At higher incident fields (e.g. ETHz = 300 kV/cm), the predicted carrier density 
  
72
increase is many orders of magnitude greater. However, the results clearly overestimate 
the final carrier density, since the velocity saturation due to collisions with defects, etc., is 
not included. Nonetheless, we cannot exclude the contribution of IMI to carrier 
generation.  
For Zener tunneling, the tunneling rate can be written by (Lange et al., 2014) 
 ݎ௭ =
݁ଶܧ௡ଶ݉௥ଵ/ଶ
18ߨℏଶܧ௚ଵ/ଶ
exp(−ߨ݉௥
ଵ/ଶܧ௚ଷ/ଶ
2ℏ݁ܧ௡ ) (3.5)
where mr = 0.059m0 is the reduced mass accounting for the creating of electron heavy-
hole pairs (18). With an in-gap peak electric field of 9 MV/cm, rz is on the order to 
1×1018 (cm3fs)-1. Considering the limited density of states in the conduction band 
(~4.7×1018 cm-3), both IMI and Zener Tunneling are great enough to substantially 
increase the conduction band population within a half-cycle of the driving field. As such, 
it is hard to conclude which mechanism is dominant. A complete understanding of the 
process of the carrier proliferation is beyond the scope of this work and requires more 
effort. For example, saturation due to Pauli exclusion needs to be considered. The 
electroluminescence spectrum (Lange et al., 2014) and temperature-dependent 
nonlinearities (Abebe et al., 2015) facilitate estimates of the ionization rate and aid in 
identifying the dominant carrier generation mechanism. However, the current analysis 
(and more importantly, experimental results) is sufficient to conclude that the carrier 
density of the in-gap GaAs increases significantly under high field THz excitation.  
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Figure 3.24 Experimental results of the nonlinear MPA on bulk GaAs substrate. (a) Measured 
reflection spectra of the nonlinear MPA under different THz field strengths. (b) Calculated 
nonlinear absorbance spectra. (c) The resonance frequency versus the incident THz peak field. (d) 
The absorbance at 0.68 THz versus the incident THz peak field. 
Besides the carrier density increase, inter-valley scattering (IVS) is induced by the 
enhanced THz electric field (Fan et al., 2013a). Electrons that are accelerated to an 
energy of ∼1 eV can scatter from the Γ valley to the L valley (Bergner, et al., 1988). The 
electrons in the Γ valley have a mobility of 4200 cm−2 s−1 V−1, while those in the L valley 
have a mobility of 400 cm−2 • s−1 V−1. Thus, in-gap IVS will also affect the nonlinear 
response of the MPA. In short, IMI and Zener tunneling increase the carrier density, 
while IVS leads to a reduction in the carrier mobility. 
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To qualitatively understand the nonlinearity in the MPA, we use the finite-
difference time-domain simulation with CST Microwave Studio to reproduce the 
experimental results. In the simulation, the conductivity of gold is 4.5×105 S/cm, and the 
polyimide is considered as a lossy dielectric material with a permittivity of 2.88 and loss 
tangent of 0.037 as before. We model the GaAs with the Drude model with permittivity 
given by 
 ߝீ௔஺௦ = ߝஶ −
߱௣ଶ
߱(߱ + ݅ߛ) (3.6)
where ε∞ = 12.97 is the permittivity of GaAs at infinite frequency, ߱௣ = ඥ݊݁ଶ/(ߝ଴݉∗) is 
the plasma frequency, γ = e/(m*μ) is the collision frequency, and μ is the mobility of the 
electrons. The initial carrier concentration in GaAs is n = 1.0×107 cm-3, and the mobility 
is μ = 4200 cm-2s−1 V−1.  
To accurately model the effect of high field THz carrier generation on the MPA 
response, the in-gap GaAs is modeled with three regions, as shown in the inset of Figure 
3.25 (a). This approach is taken because the in-gap field is in-gap field is inhomogeneous 
(see the lower portion of Figure 3.25 (a)), being highest at the gap edges. As can be seen, 
the field enhancement factor at the edge of the gap is nearly 2 times larger than that at the 
center of the gap, meaning that it might be inaccurate if we model the in-gap GaAs as a 
homogeneous nonlinear material. To approximate this spatial dependence, we divide the 
in-gap GaAs into three regions. Additionally, the thickness of the GaAs with field- 
modified properties is taken to be 0.5 μm. The regions near the gap edges (red in Figure 
3.25 (a)) are taken to have a field-dependent carrier density (n1, from Zener tunneling and 
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IMI) and mobility (μ1, from IVS). In contrast, the central region in the gap (brown in 
Figure 3.25 (a)) is to be with a constant carrier density (n2) of 1 × 1016 cm−3 and constant 
mobility (4200 cm−2s−1 V−1). The value of 1 × 1016 cm−3 used is higher than the intrinsic 
carrier density of GaAs, because even the lowest incident field strength used in the 
experiment (30 kV/cm) is sufficient to modify carrier density. 
The simulated reflection spectra with different n1 and μ1 values are shown in 
Figure 3.25 (b). We increase the carrier density (n1) and decrease the mobility (μ1) to 
reproduce the measured reflection spectra of the MPA, as shown in Figure 3.24 (a). The 
good agreement between simulation and experimental results indicates that our analysis 
of the free carrier generation and IVS is qualitatively correct. In addition, the redshift is 
accurately captured by taking into account the spatial inhomogeneity of the gap. This 
isn’t the case when we model the gap as homogeneous. We note that our simulations are 
quasi-static with the properties of the in-gap GaAs invariant in time, reflecting the 
average effect of the carrier dynamics that modulate the MPA response. In reality, the in-
gap carrier dynamics change during the transit of THz pulses. The time dependence of 
the carrier generation processes and resultant evolution of the density and mobility are 
required for more accurate modeling. Nonetheless, our simulations capture the coarse- 
grained effect of nonlinear carrier generation on the MPA response. One major limitation 
of this device is that the bulk GaAs introduces multiple reflections in the time-domain 
response. We will discuss an improved MPA without multiple reflections in the next 
section. 
  
76
 
Figure 3.25 Numerical simulation results to understand the nonlinear response in the MPA. (a) 
Simulated spatial distribution of the field enhancement across the gap at depths of 0.1 and 0.5 μm 
(inset: the cross section of the MPA). (b) Simulated reflection spectra with different carrier 
densities and mobilities. 
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3.3.3 Flexible Nonlinear Terahertz Metamaterial Perfect Absorber 
As shown in Figure 3.26 (a), we transfer the ESRRs with GaAs patches on to a flexible 
polyimide thin film using he semiconductor transfer technique aforementioned. The 
fabricated flexible MPA is shown in Figure 3.26 (b). In each unit cell, the GaAs patch has 
a side width of 80 μm, on which there are two 44 μm by 12 μm release holes; the ESRR 
has a 68 μm side length, 2 μm capacitive gap, and 5 μm linewidth. The unit cells form an 
array with a periodicity of 100 μm. The metamaterial array and the ground plane are 
separated by a 16 μm thick PI spacer. The dimensions ensure the resonance frequency to 
be 0.6 THz, corresponding to the peak frequency in the spectrum of the high field THz 
pulses. The fabricated flexible MPA can eliminate the Fabry-Perot effect from the bulk 
GaAs substrate. In this case, the THz pulses directly impinge on the substrate-free MPA 
structure and the reflection (Figure 3.23) at the air–GaAs substrate interface is eliminated. 
According to simulations, Figure 3.26 (c), the field enhancement factor in the flexible 
MPA is ~1.6 times stronger than that of the MPA fabricated on the bulk GaAs substrate. 
This is because of reduced screening of the electric field in the absence of the GaAs 
substrate. 
The flexible MPA was attached onto a bare silicon substrate and characterized 
using high-field THz-TDS, in which a gold-coated silicon chip was used as the reference. 
The experimental response of the flexible MPA was characterized under different 
incident field strengths, as plotted in Figure 3.26 (d). Due to the Due to the great field 
enhancement, a significant carrier density is generated at the lowest incident field, i.e., 30 
kV/cm, resulting in an absorbance lower than the designed value of 100%. With the 
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increase in the incident field, the absorbance at the resonance frequency is further 
suppressed due to the increasing carrier density. However, when the incident field 
exceeds 90 kV/cm, the change in resonance frequency and peak absorption slows down 
with the increase in the incident field strength. This suggests that the carrier density and 
mobility have saturated, preventing further changes in the response. It is different from 
the results of the aforementioned solid MPA, because the in-gap field is much larger in 
the flexible MPA. The in-gap GaAs is found to be damaged after the high-field THz 
exposure, as shown in the bottom inset of Figure 3.26 (b), providing additional evidence 
of the stronger electric field. The breakdown of the semiconductor occurs due to a 
process similar to the avalanche breakdown of a reverse biased diode, where a large 
current driven by the electric field generates heat that damages the crystal structure 
permanently. At the same time, the lack of efficient thermal conduction in the flexible 
MPA may also contribute to the damage in the GaAs. After exposure to high-field THz 
pulses, the MPA does not return to a low-field response due to the permanent damage in 
GaAs. This permanent damage is absent in the solid MPA. This suggests that with 
additional design, it should be possible to create nonlinear flexible MPAs that operate at a 
significantly lower incident field. 
3.3.4 Summary 
In this section, we present the design, fabrication, and characterization of solid and 
flexible nonlinear MPAs based on the carrier dynamics in the GaAs. The metamaterials 
were designed to achieve near-unity absorption at a designated frequency and enhance 
the electric field, leading to carrier generation in the GaAs underneath the capacitive gaps  
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Figure 3.26 Design and analysis of the nonlinear MPA on flexible substrate. (a) Illustration of the 
flexible MPA. (b) The fabricated MPA wrapped on a plastic vein (top inset: pristine unit cell; 
bottom inset: the unit cell damaged by the high field). (c) The field enhancement spectra of the 
flexible and solid MPAs. (d) Measured absorbance at different field strengths.  
of the ESRRs. In the solid MPA, a 20 GHz frequency shift and 30% absorbance 
reduction were measured when the incident field strength was increased from 30 to 300 
kV/cm. In the flexible MPA, the Fabry–Perot effect from the GaAs substrate was 
eliminated and the saturated absorbance and GaAs damage were observed under a high-
field condition due to the greater field enhancement. With careful structural design, the 
MPA can potentially realize a variety of functionalities, such as saturable absorption, 
optical limiting, and self-focusing. 
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3.4 Conclusion 
In this chapter, we have successfully demonstrated the tunable and nonlinear terahertz 
metamaterials on ultrathin and highly flexible substrate. The metallic subwavelength 
resonators are transferred to the polyimide thin films using the semiconductor transfer 
technique along with the semiconductor inclusions. The effective parameters of the 
metamaterial and absorbance of the MPA are modulated by optical pump or high field 
excitation. The highly flexible metamaterials and MPAs that is conformal to complex 
objects can work as a coating and enable a variety of practical applications.  
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CHAPTER 4 COMB-DRIVE ACTUATED TUNABLE METAMATERIALS 
The response of the metamaterial can be modulated by the material properties in the 
inclusions as demonstrated in the previous chapter. Fortunately, it is also sensitive to the 
coupling between the adjacent resonators, providing us another route to achieve the 
tunability. When two SRRs are in the broadside coupled configuration, in which two 
parallel stacked SRRs are rotated 180° relative to each other along the common axis, 
strong inductive and capacitive coupling will show up. The coupling can be modulated by 
the relative position between the SRRs, giving rise to a tunable metamaterial. 
In this chapter, a real-time tunable terahertz metamaterial based on broadside 
coupled SRRs (BC-SRRs) is presented. At first, ‘ideal’ BC-SRRs is discussed to 
understand the coupling mechanism between SRRs. Then, the ideal BC-SRRs is adapted 
to a feasible solution to realize the real-time tunable THz metamaterial with a comb-drive 
actuator. It is fabricated using bulk micromachining processes and characterized by THz 
TDS. At last, the results and the performance of the metamaterials are discussed. 
4.1. Analysis of BC-SRRs 
Ideally, the BC-SRRs composed of two SRRs on the same (THz transparent) substrate 
with 180° rotation relative to each other. Figure 4.1 (a) is one example. Two identical 
SRRs are patterned on 400-nm-thick SiNx thin films, which can be considered transparent 
to THz waves. The dimensions of the BC-SRRs are listed in the figure, which ensure a 
single uncoupled SRR resonance at ~ 1 THz. 
 Considering a single SRR, it possesses a discrete set of eigenmodes with 
corresponding eigenfrequencies, including the fundamental LC mode as we discussed in 
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Chapter 2. In an arbitrarily excited SRR, the currents and charges can be represented as a 
superposition of the eigenmodes. However, we can only consider the fundamental mode 
since it is well isolated from higher order modes. 
 Under electric excitation with the fundamental LC resonance, the time-dependent 
charge density (ρ) and current density (J) can be written in a general form of a standing 
wave 
 ߩ(ܠ, t) = ܳ(ݐ)ݍ(ܠ) (4.1) 
 ࡶ(ܠ, ݐ) = ܫ(ݐ)࢐(x) (4.2) 
where Q(t) and I(t) are the time dependent charge and current density amplitude, 
respectively; q(x) and j(x) represent the charge and current distributions in space, 
respectively. We can use the numerical method to calculate the charge and current 
distribution. As shown in Figure 4.1 (b) and (c), the j(x) is symmetric to the xy plane and 
reaches its maximum at the opposite to the gap; on the other hand, the q(x) is 
antisymmetric to the xy plane, reaching its maximum magnitude near the edges of the 
gap. 
 The dynamics of the SRR can be fully described by the time dependent amplitude 
Q(t) and we may write the SRR Lagrangian as a sum of terms quadratic in Q and ሶܳ  
 ℒ = A ሶܳ ଶ − ܤܳଶ (4.3)
where A and B are constants corresponding to inductive (magnetic) and capacitive 
(electric) parts. Both A and B are positive for the passive SRR. According to the 
Lagrangian equations of motion, the dynamics of a single SRR can be written by the 
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oscillator equation for the charge amplitude 
 ሷܳ (ݐ) + ߱଴ଶܳ(ݐ) = 0 (4.4)
and the fundamental mode resonance corresponding to the frequency ߱଴ = ඥܤ ܣ⁄ . 
For a pair of SRRs, the Lagrangian can be written as a sum of the single SRR 
Lagrangians and coupling terms, which is 
 ℒ = ܣ൫ ሶܳଵଶ + ሶܳଶଶ + 2ߙ ሶܳଵ ሶܳଶ൯ + ܤ(ܳଵଶ + ܳଶଶ + 2ߚܳଵܳଶ) (4.5)
The parameters α and β are the dimensionless constants of magnetic and electric near-
field interaction, respectively. 
 The corresponding Lagrangian equations of motion yield the ordinary differential 
equations of the system with the time dependent amplitudes Q1 and Q2 
 ሷܳ ଵ + ߱଴ଶܳଵ = −α ሷܳଶ − ߚ߱଴ଶܳଶ (4.6)
 ሷܳ ଶ + ߱଴ଶܳଶ = −ߙ ሷܳଵ − ߚ߱଴ଶܳଵ (4.7)
By solving these equations, one can find two solutions with frequencies  
 ߱ௌ = ߱଴ඨ
1 + ߚ
1 + ߙ (4.8)
 ߱஺ௌ = ߱଴ඨ
1 − ߚ
1 − ߙ (4.9)
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Figure 4.1 An exemplary BC-SRRs consisting of two identical SRRs on SiNx thin films. (a) The 
geometry is used in the analysis and simulations of the BC-SRRs. (b) The current distribution of 
the fundamental LC mode for a single SRR. (c) The charge distribution of the fundamental LC 
mode for a single SRR. 
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This means that a pair of BC-SRRs is with two resonant frequencies due to the 
coupling between the SRRs, just like a pair of coupled spring-mass system (Novotny, 
2010). This phenomenon, generating two resonant frequencies by bring two oscillators 
with the same resonant frequency together, is called mode splitting. The first frequency 
(ωS) corresponds to the mode with the same direction of currents in the SRRs (symmetric 
mode), while the second (ωAS) is the mode with opposite current flows in the SRRs (anti-
symmetric mode). 
The coupling factors, α and β, can be written by 
 ߙ = ுܹ,ଵଶ
ுܹ,ଵଵ
 (4.10)
 ߚ = ாܹ,ଵଶ
ாܹ,ଵଵ
 (4.11)
where the parameters WE,mn and WH,mn can be determined by the following integrals 
 
ுܹ,௠௡ = න ݀ଷݔ
௏೘
න ݀ଷݔᇱ
௏೙
ݍ(ܠ)ݍ(ܠ′)
4ߨߝ଴|ܠ − ܠ′| (4.12)
 
ாܹ,ଵଶ = න ݀ଷݔ
௏೘
න ݀ଷݔᇱ
௏೙
ߤ଴ܒ(ܠ)ܒ(ܠ′)
4ߨ|ܠ − ܠ′|  (4.13)
The integrals can be evaluated numerically because the q(x) and j(x) can be calculated 
using finite element method (Figure 4.1 as shown in (b) and (c)). The integration over x 
and x’ are over the same ring if m = n or over different rings otherwise. Accordingly, V1 
is the volume containing the first ring only and V2 is a volume containing the second. 
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 Using the numerically simulated current and charge distribution (Figure 4.1 (b) 
and (c)), the coupling factor is calculated for the BC-SRRs with the vertical separation 
distance d = 5 μm. The lateral relative displacement (Δ) along y-axis is swept from 0 μm  
to 24 μm in the calculation. When Δ is 0 μm, i.e. the SRRs are aligned well, the magnetic 
coupling factor is positive (α ~ 0.3) while the electric coupling is negative (β ~ -0.23). 
The calculated frequency of the first mode is ~0.86 THz and the second mode is ~ 1.48 
THz according to Eq. (4.8) and (4.9). With the increased lateral displacement, the overlap 
area of the two rings become smaller, leading to decreased coupling strength. Thus, the 
magnetic coupling factor (α) decreases and the electric coupling factor (β) increases, as 
shown in Figure 4.2. They are approximately 0 when the lateral displacement is about 20 
μm, corresponding to half of the SRRs side width (l). It indicates that the two SRRs are 
completely decoupled. From calculated results in Figure 4.2 (b), it can be seen that the 
first resonant frequency blueshifts and the second one redshifts. It merges when the 
lateral displacement is about 20 μm, i.e. the decoupled case. The transmission spectra of 
the BC-SRRs at different lateral displacement are simulated numerically and plotted with 
the color map in Figure 4.2 (b). The dark areas with transmission dip correspond to the 
resonant frequencies, which agrees well with the calculated resonator frequency curves. 
Therefore, the theoretical analysis proves that there are magnetic and electric 
coupling existing between a pair of BC-SRRs. By changing the lateral relative 
displacement, the coupling strength can be altered. In turn, the transmission spectra are 
modulated. It gives us access to control the response of the BC-SRRs based 
metamaterials in a real-time fashion. 
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Figure 4.2 Calculation results of the BC-SRRs. (a) The magnetic and electric coupling factors at 
different lateral displacement. (b) Comparison of the theoretically calculated resonant frequencies 
to the numerically simulated spectra. Colormap: simulated spectra; curves: calculated resonant 
frequencies. 
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4.2 Design of Comb-drive Tunable BC-SRRs 
4.2.1 Overview of the Implementation 
To construct a real-time tunable metamaterial, a scheme that integrates a micro-
electrostatic actuator and BC-SRRs is proposed as shown in Figure 4.3 (a). It consists of 
two arrays of SRRs stacked in a broadside coupled manner, which is shown explicitly in 
Figure 4.3 (b). One of the arrays (SRR1) is on a movable silicon frame (chip 1) that can 
be actuated by a comb-drive actuator, and the other (SRR2) is fixed on a SiNx thin film 
(chip 2). The two arrays are bonded together using a polyimide spacer and separated by 
an air gap along the z axis.  
When a voltage is applied to the comb-drive actuator, a lateral displacement along 
y-axis can be exerted by the electrostatic force. According to the analysis in section 4.1, 
the transmission spectra can be modulated if a lateral relative displacement between the 
SRRs is generated. In order to achieve good tunability in the metamaterial, we want to 
maximize the coupling for the aligned condition and minimize the coupling for the 
misaligned condition. For this purpose, the geometries of the SRRs should be carefully 
designed by considering the substrate properties in the metamaterial aspect. The 
mechanical structure, which is a movable frame connected to supporting beams and 
comb-drive electrostatic actuators, should be designed to provide enough lateral 
displacements up to, at least, half of the side width of the SRRs. Due to the large 
wavelength of THz (~300 μm), tens of micrometers displacement is required to meet this 
requirement. The design of the metamaterial and mechanical actuators will be discussed 
in details below.  
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Figure 4.3 (a) Overview of the real-time tunable metamaterial enabled by BC-SRRs and comb-
drive actuators. (b) Details of the unit cell of the tunable metamaterial. 
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4.2.2 BC-SRRs Design 
For the proof of concept, a metamaterial composed of BC-SRRs is designed to work 
around 1 THz. The substrate materials and SRR geometries should be taken into 
consideration together to achieve the design goal. Thin insulating films, e.g. 400-nm-
thick SiNx, are preferred as the substrate material due to their negligible THz loss. Ideally, 
SRR1 and SRR2 should be fabricated on the same substrate to get rid of anisotropy 
induced by the different substrates. However, it is challenging to fabricated robust 
actuators on such thin films. By compromising the mechanical strength and THz 
transparency, the movable array of SRRs (SRR1) is designed to be fabricated on the 10-
μm-thick slightly doped silicon device layer of a silicon on insulator (SOI) substrate. The 
fixed array of SRRs (SRR2) can be fabricated on the free standing 400-nm-thick SiNx 
thin film. 
The dimensions of the resonators have been designed to ensure the resonant 
frequency using the numerical simulations. The side length (l) is 40 μm, periodicity (P) is 
58 μm and line width (w) is 11 μm. The gap g1 is set to 16 μm for SRR1, and g2 is set to 2 
μm for SRR2. The transmission spectra of the individual uncoupled SRRs are the blue 
and green curves in Figure 4.4 (a). The resonant frequencies of the uncoupled SRRs are 
with the same resonator frequency, which is called the frequency matched condition. 
When the two SRRs are put together in a broadside coupled configuration separated by a 
distance of 20 μm, the frequency spectrum is the red curve in Figure 4.4 (a). The 
frequency splitting shows up, leading to two resonant modes, which agrees with the 
theoretical analysis above. The first mode is the symmetric mode while the second one is 
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the anti-symmetric mode, as shown in Figure 4.4 (b). In the symmetric mode, the currents 
on the two SRRs are oscillating in the same direction and charges are opposite, verse vice 
for the anti-symmetric mode. As predicted by the theoretical analysis above, the first 
resonance will blueshift and the second one will redshift with the increased lateral 
displacement along y axis (Δ). 
For a pair of BC-SRRs, the mode coupling is stronger in the frequency matched 
condition than the frequency unmatched conditions, leading to greater modulation over 
the response the metamaterial. This is verified by a serial of simulations, in which the gap 
of SRR2 (g2) is changed to introduce resonant frequency mismatch (fdiff) between SRR1 
and SRR2. The tunable frequency spectra are simulated by putting a 20 μm lateral 
displacement (equal to half sidewidth of the SRR) between the SRRs. As shown in Figure 
4.5 (a), the first mode blueshifts by 60 GHz and the second mode redshifts by 60 GHz for 
Δ = 20 μm. Besides the resonant frequencies shift, the amplitude at some frequencies are 
modulated. For example, the transmission amplitude is modulated by 61% at 1.03 THz, 
corresponding to the resonant frequency of the first mode when Δ is 0. If the gap of SRR2 
is changed to 10 μm and SRR1 is kept unaltered, the resonant frequency of SRR2 will be 
0.2 THz higher than SRR1. In this frequency unmatched BC-SRR, as shown in Figure 4.5 
(b), the blueshift of the first mode is 40GHz and modulation depth at 1.03THz is 
decreased to 23%, indicating a weaker tunability. If we introduce more frequency 
mismatch (fdiff = 0.4 THz, Figure 4.5 (c)), the tunablity decreased further as listed in 
Table 4.1. From these results, we can conclude that the BC-SRRs with matched resonant 
frequency can exhibit the greatest tenability and largest modulation depth. Hence, the 
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frequency matched SRRs are utilized in the final design of the tunable metamaterial. 
 
Figure 4.4 Design of the comb-drive actuated tunable metamaterial. (a) Simulated spectra of the 
individual uncoupled SRRs and BC-SRRs when d = 20 μm. (b) The surface current and charge 
distribution of the symmetric mode and anti-symmetric mode of the BC-SRRs. 
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Figure 4.5 The simulated tunable transmission spectra of the BC-SRRs with different resonance 
frequency mismatch (fdiff) for 20 μm lateral shift. 
 
Frequency 
mismatch (fdiff) 
Resonant frequency 
shift of mode 1 
Resonant frequency 
shift of mode 2 
Modulation depth at 
1.03 THz 
0 THz 60 GHz 60 GHz 0.61 
0.2 THz 40 GHz 60 GHz 0.23 
0.4 THz 30 GHz 60 GHz 0.18 
Table 4.1 The tunability of BC-SRRs with different frequency mismatch. 
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4.2.3 Mechanical Structure Design 
To actuate one array of the BC-SRRs laterally, a movable frame that is supported by 
suspension beams and actuated by electrostatic actuators is proposed, as shown in Figure 
4.6. In the center of the structure, there is a 2mm × 2mm square movable frame, on 
which the array of SRR1 is patterned.  The movable frame is supported by 8 folded 
beams configured symmetrically, which allows the frame to move along y axis and 
constrain the degree of freedom along x axis. The top and bottom ends of the frame are 
connected to four sets of comb-drive actuators to exert forces along y axis to drag the 
frame downward or upward, respectively.  
The folded beams are chosen as the supporting structure due to its larger linear 
and stable travel range, comparing to its clamped-guided counterparts (Legtenberg, et al., 
1996). Details of the folded beams are shown in Figure 4.6 (b), which is the illustration of 
the bottom left supporting beams. There are two folded beams connected in parallel. Each 
of them is anchored to the substrate and their movable ends are commonly connected. 
The width of the connecting beam (Wc) is large enough, making it to be considered as a 
rigid object. Hence, each folded beam is equivalent to two serially connected clamped-
guided beams with length of l1 and l2. Its stiffness along y axis (ky) can be written by  
 1
݇௬ =
݈ଵଷ
ܧݓଷݐ +
݈ଶଷ
ܧݓଷݐ (4.14)
where w and t are the width and thickness of the beam, respectively; E is the Young’s 
modulus of the material, which is ~170GPa for silicon. Since the length of the two 
element beams are almost the same, i.e. l1 ≈ l2 = l, the stiffness of a folded beam is 
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 ݇௬ =
ܧݓଷݐ
2݈ଷ  (4.15)
The overall stiffness of the suspension system, including 8 folded beams, is 
 ܭ௬ =
2ܧݓଷℎ
݈ଷ  (4.16)
In order to achieve large displacement with a relative low voltage, a compliance 
suspension system is preferred. However, if the stiffness is two low, leading to a low 
mechanical resonant frequency, the mechanical structure may become vulnerable to 
environmental vibrations, which is harmful to the system. Thus, a trade-off is made to 
ensure the compliance and stability with a stiffness of 1.43 N/m achieved by the 
dimensions of l = 1100 µm, w = 6 µm, and h = 10 µm. 
 The comb-drive actuator, which can exert large in-plane (Hirano, et al., 1992) or 
out-of-plane (Xie, et al., 2002) deformation, are widely used in MEMS devices. Figure 
4.6 (c) is a closed-up view of the comb-drive actuator that is composed of interdigital 
electrodes. One electrode is fixed to the substrate while the other is movable and 
supported by the beams. Due to the constraints of the supporting beams and balanced 
force along x-axis, the movable electrode only moves along the y-axis. The attraction 
force generated by the actuators is  
 ܨ௬ =
ܰߝ଴ℎ
ݔ଴ ܸ
ଶ (4.17)
where N is the number of interdigital fingers, x0 is the gap between the adjacent figures, 
and V is the applied voltage. Smaller gap can lead to larger force for a constant voltage; 
however, it is challenging to achieve too small gap due to the limitation of aspect ratio in 
micromachining process. In final design of the actuator, we set x0 to 3 µm and N to 244 to 
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generate the electrostatic force.  
 The displacement along y axis (dy) is quadratic related to the applied voltage, 
governed by the equation: 
 ݀௬ =
ܨ௬
ܭ௬ =
ܰߝ଴ℎݔ଴ ܸ
ଶ
2ܧݓଷℎ
݈ଷ
= ܰߝ଴݈
ଷ
2ܧݓଷݔ଴ ܸ
ଶ (4.18)
With the geometries designed above, the d-V curve of the MEMS actuator is as shown in 
Figure 4.7. A 20 µm displacement can be achieved by the voltage less than 70 V. 
 
 
Figure 4.6 The mechanical structure of the comb-drive actuated metamaterial. (a) Overview. (b) 
Two parallel connected folded beams. (c) Partial view of the comb drive actuators. 
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Figure 4.7 The displacement vs. voltage curve of the designed mechanical structure. 
4.3 Fabrication Process 
In order to fabricate the dual layer tunable metamaterial structure, a series of fabrication 
processes, which includes two wafer processes and flip chip bonding, is developed as 
shown in Figure 4.8. . 
The first wafer is a SOI wafer with a 10-µm-thick device layer and 2 µm buried 
oxide layer. Both sides of the wafer are coated with 400-nm-thick low-stress SiNx films 
grown by LPCVD. The SiNx film on the top side is patterned with photolithography and 
reactive ion etching (RIE) (Figure 4.8 (a)). Subsequently, the electrodes are deposited on 
the exposed silicon using e-beam evaporation of 10-nm-thick Cr and 400-nm-thick Al 
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followed by a lift-off process. Annealing at 450 ºC in H2/N2 ambient is undertaken in 
order to form the Ohmic contact between the electrodes and substrate. To achieve good 
electric contact for the wire bonding, the metallic electrodes are covered with a 150-nm-
thick gold thin film after annealing (Figure 4.8 (b)). Subsequently, 150-nm-thick gold 
SRRs are patterned via a lift-off process (Figure 4.8 (c)) and the device layer is etched 
using deep reactive ion etching (DRIE) to form the electro-mechanical structures 
including the comb-drive actuators and supporting beams (Figure 4.8 (d)). In order to 
protect the patterned device layer from damage in the following steps, a 600-nm-thick 
SiO2 passivation layer is deposited on the front side using PECVD (Figure 4.8 (e)). Then, 
backside alignment and photolithography on thick photoresist (AZ9260) is performed and 
the SiNx film is etched using RIE, followed by the Si substrate etch-through using DRIE 
(Figure 4.8 (f) and (g)). The last step (Figure 4.8 (h)) is to etch the buried oxide layer and 
passivation layer using Silox Vapoxy III etchant (Transene, Inc., Danvers, MA, United 
States) to release the movable structures.  
The second wafer, which is a single crystal <100> silicon wafer, is coated with 
low-stress SiNx film on both sides. Subsequently, 150-nm-thick gold SRRs are patterned 
on the top side with lift-off process (Figure 4.8 (i)). Then, the silicon substrate is etched 
through with wet etching using 30% KOH solution from the window opened on the 
backside SiNx film (Figure 4.8 (j)). After the wafer-level fabrication, the two wafers are 
diced into chips. For clarity and conciseness, we name the chips with comb-drive 
structures on SOI substrate as chip 1 and the others as chip 2. Polyimide bonding pads are 
patterned on chip 2 via photolithography of the photosensitive polyimide (HD8820, HD 
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Microsystems, Parlin, NJ, United States). Finally, we bond a pair of chip 1 and 2 together 
with ±2 µm alignment error using a flip chip bonder (FC150, Suss MicroTec AG, 
Garching bei München, Germany) under 200 g force and 175 ºC temperature. 
Figure 4.9 (a) shows a microscope view of the overall chip 1 structure. The SRR 
array is with the dimension of 2 mm by 2 mm. The arrays of SRRs on chips 1 and 2 are 
shown in Figure 4.9 (b) and (c). The side width of each SRR is 40 µm, and the periodicity 
is 58 µm. The gap size is 16 µm for SRR1 and 2 µm for SRR2 as designed. This 
geometry requires at least a lateral displacement of 20 µm to achieve the maximal tuning 
range to shift the SRRs from a completely aligned to misaligned configuration. The flip 
chip bonded devices are wire bonded to a printed circuit board for characterization as 
shown in Figure 4.9 (d).  
 In fabricating each individual chip, the process parameters are well controlled, 
and the variations are within ± 0.2 μm, which have negligible effects on the response of 
the metamaterial and the comb-drive actuator. The major source of errors and fabrication 
challenge is the potential misalignment during the flip-chip bonding, which is ~ 5 μm. 
According to our simulations, a 5 μm alignment error would shift the resonant frequency 
but would have a negligible effect on the tunability. 
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Figure 4.9 Pictures of the fabricated comb-drive actuated tunable metamaterials. (a) The overall 
view of the mechanical structure. (b) The array of SRRs on the comb drive actuator (SRR1). (c) 
The array of SRRs on the SiNx thin film. (d) The flip chip bonded chips connected to a printed 
circuit board for characterization. 
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4.4 Experimental Results 
Mechanical characterization is performed after device integration. A DC (direct current) 
voltage is applied across one set of comb-drive actuators, and a microscope is utilized to 
measure the displacement. In the characterization, the movable square frame is grounded 
while the voltage is applied to the fixed electrodes. We define the electrode that can pull 
the plate upward as EU and the voltage across EU as VU; ED (electrode) and VD (voltage) 
can pull the plate downward. The vertical lateral displacement (Δy) exhibits a quadratic 
dependence on the applied voltage (V) Figure 4.9 (a), which can be expressed as Δy = 
AV2. The actuation coefficient (A) extracted from fitting the measured data is 3.6 nm/V2. 
When no voltage is applied, there is an initial misalignment between the rings in the y 
direction, as shown in Figure 4.9 (c). When VD = 40 V and VU = 0V, the SRRs are aligned 
Figure 4.9 (b) and Δ = 0μm; when VD = 0 V and VU = 60 V, the SRRs are misaligned 
Figure 4.9 (d) and Δ ≈ 20 μm.  
 The EM response of the comb-drive BC-SRR array was characterized using THz 
time domain spectroscopy (THz-TDS). The metamaterial was mounted on a sample 
holder such that the THz pulses were at normal incidence to the sample with the electric 
field normal to the gaps in the SRRS. A DC voltage supply was utilized to drive the 
MEMS actuator to control the lateral shift. We measured the static response of the 
tunable metamaterial by scanning the spectra at a fixed lateral shift. A reference sample, 
which was an empty silicon frame whose dimension was exactly the same as the 
metamaterial sample but without SRRs, was measured prior to each scan to provide an 
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Figure 4.10 Mechanical characterization of the comb-drive actuator. (a) Measured displacement 
as a function of voltage. The inset shows the electrode configuration of the actuator. (b, c, and d) 
Microscopic images of the SRRs when VD = −40V/VU = 0V, VD = VU = 0V, and VD = 0 V/VU = 60 
V, respectively, from which we can see that the SRRs are well aligned in the x direction and the 
lateral shift along the y direction can be controlled by the applied voltage. 
 
accurate reference signal and to eliminate the measurement errors arising from beam 
clipping by the silicon frame. 
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When the SRRs are aligned (Δ = 0 μm), as shown by the black curve in Figure 
4.11 (a), two resonance dips are observed in the transmission spectrum at 1.03 and 1.23 
THz. They correspond to the two resonant modes described above. With the increasing 
lateral displacement of the BC-SRRs, the symmetric mode shifts to higher frequencies, 
and the anti-symmetric mode shifts to lower frequencies, with the decrease of the 
amplitude at the resonance. In addition to the magnitude, the phase of the transmitted 
THz wave, as shown in Figure 4.11 (b), is modulated with the lateral displacement of the 
BC-SRRs. The phase is wrapped to be constrained to the range of (−180°, 180°), so there 
are sudden phase jumps around the first resonant frequency for Δ = 16 and 20μm in 
Figure 4b. Clearly, the actuation of the lateral displacement tunes the magnitude and 
phase of the transmission of our metamaterial device. 
To understand the experimental results and understand the tuning mechanism, we 
use the finite element analysis with CST Microwave Studio to study the behavior of the 
BC-SRRs. The geometries of the SRRs in the simulation are obtained by measuring the 
device dimensions. The excitation is applied by a wave-guide port with the electric field 
perpendicular to the SRRs’ gaps. The lateral shift is swept from 0 to 20 μm. The electric 
conductivity of gold is chosen to be 4.5 × 107 S/m. The dielectric constants of the silicon 
substrate and SiNx film are 11.9 and 7.0, respectively. The frequency solver is employed 
to simultaneously yield the transmission spectra and spatial distributions of the surface 
current and electric field, which can be used to find the charge distribution. 
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Figure 4.11 The measured transmission spectra at different lateral displacements. (a) Magnitude 
and (b) phase. 
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Figure 4.12 (a) presents experimental and simulation transmission spectra of the 
aligned SRRs, that is, Δ = 0 μm. There are two resonant modes (1.03 and 1.23 THz, 
respectively) in the measured spectrum owing to mode splitting. The incident THz pulses 
excite surface currents in the SRRs, leading to electric and magnetic dipoles in the 
metamaterial. The dipoles radiate to the far field. On resonance, that is, 1.03 THz and 
1.23 THz, the dipolar radiation destructively interferes with the incident electromagnetic 
wave, resulting in near zero transmission. Away from resonance, the transmission is near 
unity owing to the absence of destructive interference. The surface current simulation 
results (Figure 4.12 (a1) and (a2)) show that the first mode corresponds to a symmetric 
current distribution and the second one to an anti- symmetric current distribution. Thus, 
the magnetic fields induced by the SRRs are in the same direction at the first mode and in 
the opposite direction at the second mode. From the numerical simulation, we can 
retrieve the charge distribution in the SRRs, as shown in Figure 4.12 (a3) and (a4). For 
the symmetric mode, the positive and negative charges overlap between the coupled 
SRRs, while the charges with identical polarities in the overlapped area for the anti-
symmetric mode. The current and charge distribution suggest a positive electric coupling 
factor α and a negative magnetic coupling factor β for Eq. (4.8) and (4.9). The mode 
splitting phenomenon agrees with the prediction in Figure 4.2 (b).  
With increasing Δ, the magnetic interaction between the BC-SRRs weakens, 
leading to a decreased α and increased β as predicted by Figure 4.2 (a). Hence, an 
increased Δ will shift the symmetric mode to a higher frequency and the anti- symmetric 
mode to a lower frequency. For example, when Δ increases from 0 to 12 μm, the 
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symmetric mode shifts from 1.02 to 1.06THz, and the anti-symmetric mode shifts from 
1.21 to 1.20 THz in the experimental result. This agrees well with both the simulation and 
the qualitative analysis, as shown in Figure 4.12 (b).  
When the actuator approaches the limit of its travel distance (Δ = 20 μm), the 
SRRs in each pair are misaligned, with the relative positions shown in Figure 4.9 (d). In 
this condition, the induced magnetic field in the center of one resonator passes through 
the metal edge of the other one such that the magnetic interaction is small (α ≈ 0). 
Meanwhile, the charges on one ring are nearly equidistant from both negative and 
positive charges on the other ring. Thus, the mutual capacitance is small (β ≈ 0), and 
there is weak coupling between the resonators. The simulated surface current and charge 
distribution results (Figure 4.12 (c1)–(c4)) illustrate that the resonance in each SRR is 
decoupled. The first resonant frequency corresponds to the LC mode of SRR2, and the 
second corresponds to SRR1. The geometries of the SRRs (Figure 4.4 (a)) are optimized 
to match the resonant frequencies of the two uncoupled SRRs in each pair. However, 
owing to the imperfections in the fabrication, the resonant frequencies of the two SRRs 
are not perfectly matched in the experimental results. In the simulation, we take the 
frequency mismatch into account and achieve good agreement with the experimental 
results.  
By sweeping the lateral shift with a 2 V incremental step in the applied voltage, 
the contour map of the Δ-dependent THz transmission magnitude is measured, as shown 
in Figure 4.13 (a). When Δ is < 10 μm, very little shift in the resonant frequency is 
observed. When Δ is > 10μm, the resonance shift becomes significant. From the contour 
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map, we can obtain the dynamic magnitude tuning range for a specific frequency. For 
example, the magnitude of transmission increases from 16 to 63% when the lateral shift 
is tuned from 0 to 20 μm at 1.03 THz, as shown in Figure 4.13 (b). It is not linearly 
dependent on the lateral shift and increases steeply when 8 μm < Δ < 15 μm. The phase 
tuning range can be obtained as well. Figure 4.13 (c) illustrates that the phase can be 
modulated from 0 to 180° at 1.08 THz. Thus, we demonstrate that the magnitude and 
phase of the transmission signal can be tuned in real-time by choosing the appropriate 
lateral displacement between BC-SRRs. 
 
Figure 4.13 Tunable response of the comb-drive actuated metamaterial. (a) Experimental 
dynamic tuning of the transmission spectrum represented by contour maps of transmission, where 
the x axis is frequency, the y axis is the lateral shift, and color represents the magnitude of 
transmission. (b) Magnitude modulation of transmission at 1.03 THz. (c) Phase modulation of 
transmission at 1.08 THz. 
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On the basis of the structural parameters, the comb-drive actuator can be 
considered a second-order system with a natural frequency of 760 Hz. This means that 
we can drive the movable frame to the expected position with an applied voltage in o 1.3 
ms under critically damped conditions. If a higher modulation speed is required, then we 
can improve the response time with the help of vacuum packaging and closed loop 
feedback control. 
4.5 Conclusion 
In this chapter, we present a MEMS-enabled tunable THz metamaterial based on 
broadside-coupled SRRs, which can modulate both the magnitude and phase of the 
transmitted EM wave through tuning the resonant modes. The electric and magnetic 
coupling is theoretically analyzed for the ideal BC-SRRs, revealing that we can modulate 
the mode splitting with the lateral shift. After adapting the ideal BC-SRRs with 
considering the manufacture limitations, a feasible real-time tunable metamaterial scheme 
is proposed and implemented. In this design, the symmetric mode blueshifts from 1.02 to 
1.08 THz, and the anti-symmetric mode redshifts from 1.23 to 1.18 THz with a 20-μm 
modulation of the lateral displacement. The mechanism of the tuning is studied 
qualitatively by comparing the experimental and numerical simulation results. It can be 
applied to different BC-SRR designs working at other designated frequencies. 
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CHAPTER 5 MICRO-CANTILEVERS ACTUATED TUNABLE 
METAMATERIALS 
Besides lateral deformation, MEMS actuators can provide vertical displacement. 
Cantilevers are one of the commonly used vertical actuators. Micro-cantilevers with 
dimension on the order of micrometers can be integrated into the unit cells of a THz 
metamaterial to tune its response (Ma, et al., 2013; Ma et al., 2014; Pitchappa, et al., 
2014).  
 In this chapter, a metamaterial composed of micro-cantilever array is presented. 
We design and optimize the fabrication process to pattern copper cantilevers on silicon 
substrate. The mechanical response of the cantilevers is characterized under different 
driving voltage, followed by the THz TDS characterization. The results reveal that we 
can manipulate the EM response of the metamaterials using the electrostatically actuated 
cantilevers.   
5.1 Design of Cantilever Tunable Metamaterials 
As shown in Figure 5.1 (a), the metamaterial consists of an array of cantilevers that are 
fabricated on silicon substrate covered by an insulation layer, such as SiO2. The unit cell 
of the array is a suspending cantilever over a capacitive pad. Both of the cantilever and 
capacitive pad are made of metal. At the THz regimes, the suspend cantilever can be 
considered as an inductor, forming a LC resonator with the capacitance arisen from the 
gap between the cantilever and the bottom capacitive pad, as shown in Figure 5.1 (b). The 
geometries can determine the resonance frequency. When a voltage is applied across 
cantilevers and the ground electrode (GND electrode), which is in ohmic contact with 
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silicon substrate as a ground plane, the cantilevers are pulled downward. The capacitance 
increases and redshifts the resonant frequency. In the extreme condition, when the 
cantilever is pulled down to touch the capacitive pad, as shown in Figure 5.1 (c), the 
capacitance is shorted and the resonance is eliminated. 
 
Figure 5.1 Illustration of the cantilever actuated tunable metamaterial. (a) The array of the 
cantilevers in the metamaterial. (b) The unit cell of the metamaterial in the initial state, resonance 
on state. (c) The unit cell of the metamaterial when the cantilever touches the capacitive gap, 
resonance off state. 
To verify the electromagnetic response of the cantilever metamaterial, a structure 
with geometries listed in Table 5.1 is studied numerically. In the design, the substrate is 
500-μm-thick silicon (εr = 11.68, σDC = 1 S/m) and the insulation layer is 400-nm-thick 
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silicon dioxide (SiO2, εr = 3.69). The transmission spectra at different states are shown in 
Figure 5.2. When no voltage is applied (h = 1 μm), there is a strong transmission minimal 
at ~ 1 THz, corresponding to the LC resonance mode of the cantilever. When a voltage is 
applied, the tip of the cantilever is pulled downward, shifting the resonance mode to 
lower frequency due to the increased capacitance. When the voltage is high enough to 
snap the cantilever down to the capacitive pad (h = 0 μm), they are electrically connected. 
The cantilever metamaterial becomes more transparent at the original LC resonant 
frequency. Therefore, for h = 1 μm, the transmission is very low at the resonant 
frequency, which is named by ‘off’ state; in contrary, for h = 0 μm, the transmission at 
the same frequency is higher, which is named by ‘on’ state. Besides the amplitude 
modulation, the phase diagram of the transmission response is altered at the same time as 
shown in Figure 5.2 (b), due to the resonant mode shift. It should be noted that the 
transmission amplitude is almost the same for the off and on state at 0.74 THz, however, 
the phase change induced by the metamaterial jumps from -46⁰ to 42⁰, which is almost 
90⁰ phase modulation. This indicates that the actuation of the cantilevers can modulate 
the phase of the transmitted wave significantly. 
 
Symbol Value (μm) Description 
L 50 Length of the cantilever 
P 60 Periodicity of the unit cell 
W 10 Width of the cantilever beam 
Lo 2.5 Overlapped length of the cantilever and the capacitive pad 
h 1 The vertical distance between the tip and the capacitive pad 
Table 5.1 Key parameters of the cantilever metamaterial 
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Figure 5.2 Transmission spectra of the cantilever metamaterial with different tip height. (a) 
Amplitude and (b) phase. 
In order to achieve the tunable electromagnetic response, the mechanical 
actuation of the cantilever should be well designed. Some key geometries are fixed, as 
shown in Table 5.1, to ensure the LC resonance frequency is ~ 1 THz. Copper is selected 
as the material of the cantilever. For an electrostatically actuated cantilever, the 
governing differential equation can be written by (Osterberg, et al., 1997) 
 ܧܫ ݀
ସ݃(ݔ)
݀ݔସ = −
ߝ଴ܸଶݓ
2݃(ݔ)ଶ ൬1 + 0.65
݃(ݔ)
ݓ ൰ (5.1)
where E is the Young’s modulus of copper ~117 GPa, g(x) is the gap between the 
cantilever and ground plane at position x, w is the width of the beam, V is the applied 
voltage, and I is the moment of inertial, I = wt3/12, in which t is the thickness of the beam. 
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The gap between the cantilever and ground plane (g(x)) can be calculated numerically for 
an applied voltage. In a cantilever capacitive actuator, the applied voltage pulls down the 
cantilever and decreases the distance between the two electrodes, resulting in an 
increased actuation capacitance. The varied capacitance can be described by a negative 
electrostatic stiffness (Liu, 2012). Unlike variable area actuator, such as comb-drive 
actuator in Chapter 4, the displacement generated by the cantilever is not linearly 
correlated to V2. At a special voltage level, the negative electrostatic stiffness cancels the 
mechanical stiffness of the beam, resulting in snap down of the beam. This voltage is 
called pull-in voltage (VPI). For some applications, the pull-in effect is undesired because 
it makes the structure unstable (Nayfeh, et al., 2007). However, for the applications such 
as radio frequency switches, the pull-in effect is utilized to realize short switching time. 
In the proposed tunable metamaterials, the pull-in effect is desired to facilitate 
modulation of the EM response. 
 
Figure 5.3 (a) Cross section of a cantilever actuator. (b) Pull-in voltage for different beam 
thickness. 
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According to (Chowdhury, et al., 2005), the pull-in voltage can be calculated by 
 ௉ܸூ
=
ۣ
ളളള
ളളള
ളളള
ለ 2ܧݐଷ݀଴
8.37ߝ଴ܮସ ൮ 56݀଴ଶ + 0.19݀଴ଵ.ଶହݓ଴.଻ହ +
0.19
݀଴ଵ.ଶହ݈଴.଻ହ +
0.4ݐ
݀଴ଵ.ହݓ
൲
 
(5.2)
where d0 is the distance between the fixed end of the beam with the ground plane, which 
is equal to the tip height (h = 1 μm) at the initial state. To verify the accuracy of this 
intuitive equation, finite element analysis using COMSOL is employed to simulation the 
pull-in voltage. The simulation results match the theoretical analysis, as shown Figure 5.3 
(b) plotting the calculated and simulated pull-in voltage for different beam thicknesses. If 
the beam is too thin, it is difficult to fabricate and vulnerable to external mechanical 
stimulations. If the beam is too thick, the pull-in voltage might be high, increasing the 
possibility of insulation layer breakdown (the breakdown field is ~ 8 MV/cm for SiO2 on 
silicon substrate (Osburn, et al., 1972). Therefore, the thickness of the beam is initially 
designed to be 1 μm, corresponding to VPI ~ 30 V, with tradeoff between the mechanical 
strength and reliability. 
The key geometry parameters of the cantilever metamaterial are designed by 
studying the electromagnetic response and mechanical response using theoretical and 
numerical model. The analysis reveals that we can tune the response of the cantilever 
metamaterial with electrostatic actuation. Then, a surface micromachining technique, 
which will be discussed in the following section, is developed to implement the design. 
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5.2 Fabrication of Cantilever Tunable Metamaterials 
The cantilever structures are widely used in RF switches (Brown, 1998), chemical 
sensors (Lavrik, et al., 2004), and physical sensors (Kim, et al., 1995). They are widely 
employed because they can be fabricated using surface micromachining, which is 
compatible with CMOS process. Herein, we developed a high-yield fabrication process to 
implement the cantilever tunable metamaterials, which is shown in Figure 5.4. 
At first, 400-nm-thick SiO2 layers are grown using dry thermal oxidation on both 
sides of the silicon substrate. On the top side, photolithography is performed to define the 
GND electrode areas, followed by RIE to etch out open areas. Then, 600-nm-thick Al 
patterns are deposited on the top surface using the lift-off process (Figure 5.4 (b)). The 
wafer is annealed at 400⁰C in H2/N2 ambient environment for 30 mins to form ohmic 
contact between the metal and silicon substrate. After that, the 150 nm gold thin film 
structures are patterned for GND electrodes and capacitive pads on the SiO2 layer. Next, 
a layer of polyimide (PI2610) with 1 μm thickness is spin coated and cured at 275⁰C in 
N2 mixing gas for 1 hr as a sacrificial layer. Holes are opened for the anchors of the 
cantilevers using RIE with Ti film as the mask layer, as shown in Figure 5.4 (d). 
Afterward, copper cantilevers with thickness of 1 μm, covered by 20-nm-thick chromium 
layer, are patterned using e-beam evaporation and lift-off. The final step is to release the 
cantilever structure by isotopically etching the polyimide sacrificial layer. 
Actually, the combination of SiO2 and polyimide is widely used in the fabrication 
of electrostatically actuated cantilevers. They are interchangeable in the devices, i.e., one 
of them can be the insulation layer while the other is the sacrificial layer (Rebeiz, 2004). 
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We have tried to use polyimide as the insulation layer and SiO2 as the sacrificial layer, 
but encountered two major problems in this configuration. First, the insulation 
performance of polyimide is bad due to the existence of pinholes, which is a common 
type of defect in large area polyimide and can short the top and bottom electrodes 
(Rubehn, et al., 2007). Second, wet chemical etching with buffered oxide etchant is 
preferred to etch the SiO2 sacrificial layer to release the structure, requiring critical point 
drying to remove the etching solution. It is highly possible to damage the cantilevers in 
this process. These two problems can be solved with the configuration in our process, 
which is to use SiO2 as the insulation layer and polyimide as the sacrificial layer.  
 
Figure 5.4 Fabrication process of the cantilever metamaterials. 
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Figure 5.5 (a) and (b) are the SEM images of a cantilever metamaterial sample. It 
can be seen that the cantilevers are completely released and bent up due to the residual 
stress in the beams. The aperture size of the sample, i.e. the area with cantilever beams, is 
8 mm by 8 mm. 
 
Figure 5.5 SEM picture of the cantilevers.(a) Closed up view of a cantilever. (b) Array of the 
cantilevers. 
5.3 Characterization of Cantilever Tunable Metamaterials 
Following the metamaterial fabrication, the mechanical response of the cantilevers is 
characterized to get the deflection-voltage curve using white light interferometer (Zygo 
Inc.). The initial curvature of the beam is measured as shown in Figure 5.6 (a). When the 
applied voltage is 0 V, the tip of the cantilever is with ~1 μm displacement, which results 
from the gradient residual stress along z axis. The deflection of the cantilever (D(x)) can 
be expressed by 
 ܦ(ݔ) = − ቀߪ௧ − ߪ௕2ܧݐ ቁ ݔ
ଶ (5.3)
where σt and σb are the stress at the top surface and bottom surface, respectively, t is the 
thickness of the beam. The displacement of the cantilever tip, i.e. when x = L, is 
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 ܦ(ܮ) = − ቀߪ௧ − ߪ௕2ܧݐ ቁ ܮ
ଶ (5.4)
By fitting the measured cantilever deflection with the Eq. (5.3), the residual stress 
difference between the top and bottom surfaces (ߪ௧ − ߪ௕) can be estimated. It is ~110 
MPa for the measured deflection in Figure 5.6 (a). 
 
Figure 5.6 The cantilever deflection measured by ZYGO. (a) The initial deflection of the 
cantilever without driving voltage. (b) Cantilever deflection at different voltages. 
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Figure 5.6 (b) shows the cantilever deflection at different voltages. The cantilever 
moves downward with the increased driving voltage. When the voltage is low (< 30 V), 
the deflection changes slightly with the voltage. Beyond that, the cantilever deforms 
significantly with a few volts increase in the driving voltage, which can be seen clearly 
from the inset of Figure 5.6 (b). The measured pull-in voltage of the fabricated cantilever 
(~ 40 V) is higher than the theoretical value discussed above because the residual stress 
in the beam increases its stiffness. It is noteworthy that the cantilever keeps its quadratic 
curvature in the bending process, which is unlike the stress-free condition as shown in 
Figure 5.3. Even though the cantilever is snapped down, the quadratic curvature makes 
the tip bent up and separate with the substrate. This may cause that the cantilever fails to 
touch the cantilever pad after the pull-in. 
The electromagnetic transmission response of the cantilever metamaterial is 
characterized using the THz TDS and plotted in Figure 5.7 (a) and (b). At the initial state, 
the resonance frequency is ~ 1.11 THz with transmission amplitude of -23 dB. The 
driving voltage makes the cantilever to move downward, giving rise to the resonant 
frequency redshift due to the increasing capacitance in the resonator. By sweeping the 
voltage from 0 V to 40 V, the resonant frequency shifts from 1.11 THz to 1.06 THz as 
shown in Figure 5.7 (c). At the same time, the peak transmission decreases from -24 dB 
to -29 dB.  As a result of the spectrum shift, the transmission is modulated from -24 dB to 
-15 dB for 1.106 THz and from -14 dB to -29 dB for 1.062 THz. Besides the amplitude 
modulation, the driving voltage can alter the phase diagram of the cantilever 
metamaterial as shown in Figure 5.7 (b). 
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Figure 5.7 The experimental transmission spectra of a cantilever tunable metamaterial at 
different driving voltage. (a) Normalized amplitude and (b) phase. (c) The resonant frequency 
versus driving voltage. (d) Amplitude modulation for 1.106 THz and 1.062 THz at different 
driving voltages. 
The results prove that we can utilize cantilevers to tune the response of the 
metamaterials. Further optimization, in both structure design and fabrication process, can 
help us to improve the tunability. 
5.4 Conclusion 
We design and fabricate a tunable metamaterial based on micro-cantielver structures. A 
high yield and reliable surface micromachining process is developed to fabricate the 
cantilever array. The residue stress and mechanical response of the cantilever are 
characterized. The THz TDS results reveal that the EM response of the cantilever based 
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metamaterial can be tuned by the driving voltage. Further optimization of the structure 
can improve the tunability of the metamaterial. Moreover, novel geometry designs 
incorporated with the cantilevers may give rise to a variety of functions.  
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CHAPTER 6 CONCLUSIONS AND OUTLOOK 
Metamaterial, a powerful tool to engineer the EM propagation, has attracted interest, 
especially in THz frequency regimes. Actively altering the response of metamaterials can 
enable plenty of functional devices to bridge the “THz Gap”. In this thesis, various 
schemes to implement actively tunable THz metamaterials are presented, including: 
1. Optically tunable THz metamaterial. With the semiconductor transfer technique, 
the electrical split ring resonators on GaAs patches are transferred to ultrathin and 
flexible polyimide substrate, eliminating the limitation of bulk and rigid substrate. 
The response of the metamaterial can be modulated by the carriers in GaAs, 
which is controlled by optical power of the pump beam. The transmission can be 
modulated by 60% at the LC resonance frequency with 64 μJ/cm2 pump beam. It 
is also revealed that the effective permittivity is altered optically. With additional 
fabrication steps, an ultrathin metamaterial perfect absorber is demonstrated. It 
can switch among dual band absorber, broadband absorber and single band 
absorber under different pump power.  
2. Nonlinear THz metamaterial perfect absorber. Besides optical excitation, the 
carrier density in GaAs can be altered by the strong electric component of the 
THz radiation due to the impact ionization and Zener tunneling. The metamaterial 
perfect absorber consisting of ESRRs on GaAs can confine the electric field in the 
gaps of the resonators to enhance the field strength greatly. The carriers can be 
harvested when the sample is under high field THz radiation, leading to nonlinear 
absorption response. As demonstrated with experiments, the flexible metamaterial 
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perfect absorber can exhibit more significant nonlinearity than solid one, making 
it suitable for applications in saturable absorber, optical limiting and self-focusing.  
3. Comb-drive enabled tunable metamaterial. A micromachined comb-drive actuator 
is integrated into two split ring resonator arrays stacked in a broadside coupled 
configuration. Driving the actuator electrostatically can generate lateral 
displacement between the layers and tune the electric and magnetic coupling 
between them, which, in turn, modulates the EM response of the metamaterial. As 
a proof of concept, 50 GHz resonance frequency shift is achieved by a 20 μm 
lateral displacement.  
4. Micro-cantilevers actuated tunable metamaterial. A micro-cantilever array, 
patterned in a metamaterial fashion working at THz frequency range, is designed 
and fabricated using surface micromachining technique. The THz transmission 
response of the array can be modulated by the deflection of the cantilevers, which 
is controlled by a driving voltage. A 50 GHz resonance redshift is realized by a 40 
V driving voltage in a prototype metamaterial. 
According to these results, the EM response of a metamaterial can be controlled 
efficiently with various schemes. The tunable metamaterials whose amplitude and phase 
of the transmission and/or reflection can be modulated by external stimulations will 
generate plenty of functional THz devices, such as THz modulators, detectors, imaging 
and chemical and biological sensing.  
The rapid development of metamaterial theory has enabled the wave manipulation 
with planar gradient index metamaterial structures, which are also called metasurfaces. 
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The metasurafces have been proved to be capable to steer (Yu, et al., 2011; Sun, et al., 
2012) and focus (Neu, et al., 2010; Khorasaninejad et al., 2016) the EM wave. Adding 
tunablity to the metasurfaces can achieve dynamic control of the steering angle and focal 
point for the adaptive manipulation of the EM waves (Ee, et al., 2016). The tuning 
schemes aforementioned can be used to implement the reconfigurable THz metasurfaces. 
Moreover, the well-designed metasurfaces can generate orbital angular momentums by 
introducing gradient phase delay in the metasurface plane (Karimi, et al., 2014; Shalaev, 
et al., 2015). Generating and modulating the THz orbital angular momentums with 
tunable metasurface is a potential approach to realize high baud rate communication (Yan, 
et al., 2014). In summary, actively tunable metamaterials can extend the functionalities of 
metamaterials, paving their scientific and engineer applications. 
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 Appendix TERAHERTZ TIME DOMAIN SPECTROSCOPY 
A typical THz time domain spectroscopy (TDS) setup is shown in Figure A.1. A 1 kHz 
Ti:sapphire regenerative amplifier laser producing 1.55 eV near-infrared pulse (800 nm, 3 
mJ, 35 fs) was utilized. A Teflon plate blocks the residual incident 800 nm optical beam 
and allows the THz beam to pass. The THz pulses are focused on the sample or the 
reference with a plane mirror and a parabolic mirror. The electric field of the THz pulses 
is polarized perpendicular with the gaps of the SRRs. The transmitted THz pulses are 
collimated and focused in the detection ZnTe crystal with a pair of parabolic mirrors. The 
800-nm optical detection pulses are also fed to the ZnTe crystal. The THz field rotates the 
polarization of the detection pulses due to the Pockels effect. The polarization rotation is 
proportional to the electric field strength of the THz pulses. Then, the detection pulses are 
fed to a quarter- wave plate, converted to be elliptically polarized, and split into two 
orthogonal linearly polarized pulses with a Wollaston prism. A pair of balance 
photodiodes are used to detect the two orthogonal pulses and the differential signal, 
measured by a lock-in amplifier, is an indicator of the instantaneous THz electric field. 
The THz electric field is measured in the time domain by controlling the delay time 
between the THz pulses and the detection pulses with a motorized delay stage. We can 
obtain the time domain signal of the sample and reference individually, as shown in 
Figure A.2 (a). Then, fast Fourier transform is performed on the time domain signal to 
obtain the frequency spectrum of the reference (Er(ω)) and metamaterial samples (Es(ω)), 
as shown in Figure A.2 (b). The transmission spectrum (Figure A.2 (c)) of the sample is 
calculated by T(ω) = Es(ω)/Er(ω). 
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Figure A.1 Terahertz time domain spectroscopy setup. 
 
Figure A.2 (a) Typical time domain signals for the reference and metamaterial sample. (b) The 
frequency spectra of the reference and sample. (c) The frequency characteristics of the 
metamaterial. 
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The spectra of the comb-drive and micro-cantilever actuated metamaterials are 
measured using the TDS setup. 
If the 800 nm detection beam in Figure A.1 is split again to two beams, one of 
which is still directed to ZnTe crystal for detection while the other one is projected to the 
metamaterial sample as a pump beam, the TDS is configured to optical pump THz probe 
TDS (Seren, 2015). It is used to measure the optically tunable metamaterial described in 
Section 2.1. Besides measuring transmission spectrum, the TDS can characterize the 
reflection spectrum of the metamaterial samples, such as the optically tunable MPA in 
Section 2.2. In addition to THz TDS and optical pump THz probe TDS, the high field 
THz TDS in reflection configuration, in which the intense THZ pulses are generated in 
LiNbO3 with beam tilting method, is used to characterize the nonlinear MPA described in 
Section 2.3. 
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